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ABSTRACT 
Current thin-film solar cell technologies based on CuInxGa1-xSe2 (CIGS) and CdTe 
photo-absorber materials use rare and expensive elements, such as In, Te, Ga, and toxic Cd 
which severely limit the mass production and deployment of these solar cells. Thus, a major 
research effort is focused toward the development of new photovoltaic (PV) absorber 
materials comprising of earth-abundant, low-cost, and environmentally benign constituent 
elements that can support terawatt (TW)-scale PV generation in the near future and be 
economically sustainable. Cu-based I2-II-IV-VI4 quaternary kesterite compound 
Cu2ZnSn(SxSe1-x)4 (CZTSSe) have recently emerged as a potential photo-absorber material 
for thin-film solar cells. All constituent elements in CZTSSe are abundant in earth’s crust, 
are much cheaper and possess no acute toxicity. CZTSSe is an intrinsically p-type material 
with a large optical absorption coefficient (α>104 cm-1) and exhibits a tunable direct optical 
bandgap in the range of 1.0 eV ≤ Eg ≤ 1.5 eV corresponding to chalcogen ratios of 0 ≤ x ≤ 
1. The theoretical Shockley-Queisser efficiency limit for a single junction CZTSSe solar 
cell is estimated to be ~32% – similar to that of CIGS solar cells. All these merits make 
CZTSSe an ideal photo-absorber material for thin-film solar cells. 
In this dissertation, a comprehensive investigation is undertaken on the growth and 
characterization of Cu2ZnSn(SxSe1-x)4 photovoltaic absorber material followed by thin-film 
solar cell fabrication and cell characterization. CZTSSe films were fabricated by a vacuum-
based two-step process of ZnS/Cu/Sn stacked precursor layer deposition on bi-layer 
molybdenum (Mo)-coated soda-lime glass (SLG) substrates via thermal evaporation and 
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successive annealing of the precursor stacks under a mixed sulfur and selenium vapor at 
550°C. The heterojunction was formed by deposition of n-CdS layer on top of p-CZTSSe 
absorber film via a low-cost chemical bath deposition (CBD) technique. The structural, 
compositional and morphological characterization of the CZTSSe films were carried out 
by Raman spectroscopy, scanning electron microscopy (SEM), energy dispersive X-ray 
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), and atomic force 
microscopy (AFM). The best solar cell was obtained with a Cu-poor and slightly Zn-rich 
absorber composition corresponding to elemental ratios of Cu/(Zn+Sn) = 0.773, Zn/Sn = 
1.13 and S/(S+Se) = x = 0.58. Thickness of the CZTSSe film was measured to be 1.3-1.4 
µm with an estimated bandgap of ~1.3 eV. The photovoltaic performance of the fabricated 
cells were evaluated under simulated AM1.5G (100 mW/cm2) solar radiation. The 
champion cell exhibited an open-circuit voltage (VOC) of 506 mV, a short-circuit current 
density (JSC) of 22.92 mA/cm
2, and a fill-factor (FF) of 35% resulting in a total area 
efficiency (η) of 4.06% without any antireflection coating. 
Performance of the fabricated solar cells were found to be limited by high series 
resistance (RS), low shunt resistance (RSh), and poor fill factor (FF). The sources of high 
series resistance were attributed to the small multi-grain microstructure of the 
polycrystalline CZTSSe film, presence of micro air-voids, and a Mo(SSe)x interfacial layer 
at the Mo back contact. AFM studies revealed micro-pores on the film surface which act 
as low resistance shunt paths and are attributed to the source of low shunt resistance. 
Impedance spectroscopy were performed on the solar cells to model and extract the 
equivalent AC circuit parameters. Fitting of the experimental results showed the presence 
of a blocking barrier at the back contact and a recombination center resembling a constant 
 viii 
phase element (CPE). Temperature dependent illuminated current-voltage (J-V) studies 
indicated a major recombination phenomena occurring at the heterojunction interface 
corresponding to an activation energy of 1.12 eV. Further investigation of the electronic 
defect levels in the fabricated solar cells have been carried out by current-mode deep level 
transient spectroscopy (I-DLTS). Two dominant deep acceptor defects at Ev+0.12 eV, and 
Ev+0.32 eV have been observed and were identified as the CuZn(-/0) and CuSn(2-/-) antisites 
respectively. 
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CHAPTER 1: INTRODUCTION 
1.1 OVERVIEW OF THE DISSERTATION 
In this dissertation, a comprehensive investigation has been undertaken on the 
growth and characterization of Cu2ZnSn(SxSe1-x)4 photovoltaic absorber material, 
fabrication and characterization of thin-film solar cell, and identification of the cell 
performance limiting factors that may lead to further improvement of CZTSSe-based 
photovoltaic devices. 
This dissertation is divided into six chapters. Chapter 1 provides a background of 
the existing photovoltaic (PV) technologies and discuss the issues associated with the 
current technologies. The merits of Cu2ZnSn(SxSe1-x)4 as a photo-absorber material for 
thin-film solar cells are then scrutinized in this context. Important general properties of 
CZTSSe, such as crystal structure, ternary phase diagram, composition sensitivity to 
photovoltaic performance, formation of secondary phases, and intrinsic point defects are 
then discussed based on the review of published literature. An introduction to the standard 
solar spectra for photovoltaic measurements (AM0 and AM1.5) is included along with a 
discussion on the maximum theoretical efficiency achievable with different PV materials 
under terrestrial solar radiation. Finally, at the end of this chapter, the fundamental 
operating principle of heterojunction solar cells is explained. 
Chapter 2 details the fabrication method and the characterization results of the 
polycrystalline CZTSSe photo-absorber films. Crystal Structure, composition, and 
morphology of the films were studied by Raman spectroscopy, scanning electron 
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microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron 
spectroscopy (XPS), and atomic force microscopy (AFM). Characterization results are 
presented for the CZTSSe absorber film yielding the best photovoltaic performance 
(η=4.06%). A high-efficiency (η=7.05%) CZTSe solar cell received from NREL was used 
as a reference. 
Chapter 3 presents the details of complete solar cell fabrication process, the device 
structure, and electrical characterization results. Photovoltaic performance of the solar cells 
were evaluated under simulated AM1.5G solar spectrum and diode parameters were 
extracted from dark current-voltage characteristics. 
Chapter 4 focuses on the impedance spectroscopy measurement and AC equivalent 
circuit analysis. Impedance analysis provides valuable insight into the device operation. 
Small signal AC circuit parameters were extracted by fitting of the experimental data and 
a major recombination phenomena was identified in the device characterized by a 
frequency dependent constant phase element. 
Chapter 5 presents the investigation of electronic defect levels in the CZT(S,Se) 
solar cells by current-mode deep level transient spectroscopy (I-DLTS). Two deep acceptor 
levels were identified from the I-DLTS measurements in the fabricated CZTSSe solar cells. 
The possible impact of the defects on the cell performance are discussed with reference to 
the high performance CZTSe cell. 
Chapter 6 presents the growth and characterization of single-phase Cu2ZnSn(SxSe1-
x)4 bulk crystals employing a novel vertical gradient freeze (VGF) method. Bulk CZTSSe 
absorber materials were characterized by XRD, Raman spectroscopy, EDS, and XPS. It 
was found that VGF technique promises to produce large volume, high quality CZTSSe 
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crystals at reduced cost. The detailed crystal growth technique and characterization results 
are presented. 
Finally, Chapter 7 concludes the research presented in this work, and provides 
suggestions for the future work. 
1.2 INTRODUCTION TO PHOTOVOLTAIC TECHNOLOGIES 
Currently, about 80% of the world’s energy demand is met by burning fossil fuels, 
such as coal, oil, and natural gas. These fuels produce greenhouse gases upon combustion 
causing significant environmental pollution and is the primary contributor to global 
warming and man-made climate change. In addition, all these energy sources have finite 
reserve in the earth’s crust and are depleting fast. Solar energy is unlimited, non-polluting, 
and can provide a substantial fraction of the world’s energy demand in the near future. In 
fact, the entire global energy demand can be met if only ~0.1% of the earth’s surface area 
is covered with ~10% efficient solar cells. According to the international energy agency 
(IEA), photovoltaics (PV) is estimated to provide around 11% of global electricity 
production by 2050 and avoid 2.3 gigatonnes (Gt) of CO2 emissions per year [1]. Thin-film 
solar cell technology is considered to play a major role to meet this terawatt (TW)-scale 
PV power demand at an affordable price. 
Several photovoltaic technologies have been developed over the past 50 years for 
terrestrial applications. At present, crystalline silicon (c-Si) and multi-crystalline silicon 
(mc-Si) together holds the major market share (~85%) among all photovoltaic 
technologies. So far, c-Si solar cell technology has reached the highest photoconversion 
efficiency of 25%. However, PV grade Si is highly expensive and currently the major 
bottleneck to the mass deployment of photovoltaics as a primary renewable energy source 
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is the high cost of modules. Thin-film solar cell (TFSC) technology potentially reduces the 
cost of module fabrication. Unlike Si, the semiconductor light-absorbing material chosen 
for thin-film solar cells are direct bandgap with a large optical absorption co-efficient that 
can absorb the incident light much more efficiently and thus requires a very thin absorber 
layer (~1-3 µm) compared to Si (~300-400 µm). This reduces the material uses and the 
material cost significantly. Moreover, TFSC fabrication techniques allow large-area 
monolithic integration of individual solar cells allowing high-throughput roll-to-roll 
manufacturing which further cuts down the module fabrication cost making it significantly 
cheaper than Si-based modules. Also, there are several other advantages offered by thin-
film solar cells compared to Si cells. Due to much less material use, thin-film solar cells 
are light weight and thus reduces logistical problems and cost of module support structures 
–a major advantage for building integrated photovoltaic (BIPV) installations. Also, thin-
film solar cells can be fabricated on flexible substrates, such as plastics, aluminum/stainless 
steel foils that allows ultra-light weight portable modules to be fabricated for mobile power 
source applications. 
Current benchmark TFSC technologies based on polycrystalline CuInxGa1-xSe2 
(CIGS) and CdTe absorbers have reached record efficiencies of 20.8% and 19.6% for 
laboratory-scale devices and have already reached the commercial production stage [2]. 
However, several factors are hindering the mass-scale production and deployment of these 
solar cells resulting in a smaller market share of ~15% for TFSCs. Such factors include 
serious issues of toxicity, sky-rocketing material cost and/or low abundance of raw 
materials; which is predicted to severely limit the production and economic sustainability 
of these solar cells [3] [4] [5] [6] [7] [8] [9] [10]. Indium (In), gallium (Ga), and tellurium 
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(Te) supply have been categorized as ‘critical’ by the US Department of Energy (DOE) 
and the European Commission (EC) [11] [12]. Particularly, In supply for CIGS production 
could be stringent as more than 80% of In produced worldwide is consumed by the flat 
panel display (FPD) industry and with ever increasing demand of such displays, 
sustainability and economic viability of CIGS photovoltaic (PV) technology could be in 
great danger in upcoming years [13]. Also, due to the environmental health concerns, use 
of toxic cadmium (Cd) hinders the mass production and deployment of CdTe solar cells 
[14]. Thus, an intense research effort is focused toward the development of alternative thin-
film solar absorber materials comprising of earth-abundant, low-cost, and non-toxic 
elements which can yield high efficiency devices, be economically competitive to the 
conventional energy sources, and support terawatt (TW)-scale PV generation in the near 
future. 
Copper (Cu)-based I2-II-IV-VI4 quaternary kesterite compounds – Cu2ZnSnS4 
(CZTS), Cu2ZnSnSe4 (CZTSe), and mixed chalcogenide Cu2ZnSn(SxSe1-x)4 (CZTSSe) 
have emerged as the potential alternative to the existing CIGS, and CdTe absorbers in thin-
film solar cells. CZTSSe is an attractive choice for thin-film solar cell absorber owing to 
its tunable direct bandgap of 1.0-1.5 eV with a large optical absorption coefficient (α>104 
cm-1), and p-type conductivity [15] [16] [17] [18] [19] [20]. The constituent elements of 
CZTSSe are earth abundant, inexpensive, and environmentally benign. Reserve of Cu, Zn, 
Sn, and sulfur on earth’s crust are 68 ppm, 79 ppm, 2.2 ppm, and 420 ppm respectively 
compared to 0.16 ppm of In, 0.15 ppm of Cd, and 0.001 ppm of Te [21]. The availability 
of Zn and Sn are about 500 and 14 times higher and the annual global production is 20 
times and 340 times more compared to the scarce and expensive In [22]. Also, the Zn price 
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is nearly two orders and Sn price is one order of magnitude less than indium, while the In 
price is sharply rising [22] [23]. Abundance and recent cost of the constituent elements for 
CZTSSe, CIGS, and CdTe compounds are shown in Figure 1.1. 
 
Figure 1.1. Crustal abundance and cost of constituent elements for CIGS, CdTe, and 
CZTSSe photo-absorber materials for thin-ﬁlm solar cells. 
 
Calculations according to the Schokley-Queisser photon balance equations have 
estimated the theoretical conversion efficiency of single-junction CZTSSe solar cells to be 
as high as 32.2% [24]. In the light of above mentioned advantages, CZTSSe shows extreme 
promise to be the ideal thin-film solar cell material for low-cost, sustainable, high-
efficiency, and environment friendly PV technology. 
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1.3 GENERAL PROPERTIES OF Cu2ZnSn(SxSe1-x)4 
1.3.1 Crystal Structure 
Cu2ZnSn(SxSe1-x)4 (CZTSSe) belongs to the I2–II–IV–VI4 quaternary material 
system with a crystal structure similar to the ternary chalcopyrite material CuInSe2 (space 
group I4̅2d) (Figure 1.2), in which one half of In atoms (group III) are replaced by Zn 
(group II) and other half by Sn atoms (group IV). CZTSSe crystallizes in two primary 
crystalline structures known as kesterite (space group I4̅) and stannite (space group I4̅2m) 
[25] [26] [27] [28]. These two crystal structures are very similar; both have cations located 
at tetrahedral sites but differ in the stacking arrangement of Cu and Zn atoms along the c-
axis [26] [27] [28] [29] [30] [31]. The crystal structure and the atomic arrangements for the 
chalcopyrite, kesterite and stannite structures are illustrated in Figure 1.2. 
 
Figure 1.2. Crystal structures of (a) chalcopyrite CuInSe2, (b) kesterite CZTSSe, and (c) 
stannite CZTSSe. 
 
In kesterite structure, the cationic layers along the c-axis are arranged in Cu-Sn, 
Cu-Zn, Cu-Sn, and Cu-Zn fashion. One Cu atom is located at 2a position; Zn atom and the 
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other Cu atom are located at 2d and 2c positions respectively with corresponding Madelung 
potentials of -15.04 V, -21.88 V, and -15.21 V [32]. In stannite structure, a periodic 
arrangement of Zn-Sn cationic layer sandwiched in between Cu-Cu layers are repeated 
where both Cu atoms are located at 4d position and the Zn atom at 2a position with 
Madelung potentials of -15.30 V and -21.62 V respectively. Sn atom site is located at 2b 
position in both structures [32] [33]. Theoretical studies have predicted that the kesterite 
phase has slightly lower energy compared to the stannite phase and therefore should be 
thermodynamically more stable than the stannite counterpart [33] [34] [35] [36] [37] [38] 
[39] [40]. As predicted theoretically, most of the CZTS(Se) samples have been reported to 
have kesterite structure. 
Due to the similar structural properties and isoelectronic nature of Cu+ and Zn2+, it 
is very diﬃcult to distinguish between the kesterite and stannite phases experimentally by 
X-ray diﬀraction. Recently, neutron diﬀraction [31] and anomalous diﬀusion [41] studies 
confirmed that CZTSSe compounds crystalizes in kesterite structure and is dominant at 
temperature <876°C. It is suggested that observations of stannite structure in CZT(S,Se) 
compounds could be due to partial disorders of Cu and Zn atom sites in the I-II (001) layer 
of kesterite phase [31] [42] [43]. This lattice disorder could be due to the formation of 
mixed kesterite and stannite phases during the crystallization process since there is only a 
small difference in the lattice parameters and the total energy of these two phases. 
1.3.2 Phase Diagram 
It is extremely challenging to grow pure single phase kesterite CZTS/CZTSe. 
CZT(S,Se) can be grown via solid state chemical reactions of Cu2S, ZnS, and SnS2 (or 
Cu2Se, ZnSe, and SnSe2). Due to the complexity of the quaternary material system, several 
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binary and ternary sulfides (or selenides) including Zn(S,Se), Cux(S,Se), Sn(S,Se)x, and 
CuxSn(S,Se)y phases can easily form during the absorber film fabrication which may 
adversely affect the photovoltaic performance of the resulting device. The ternary phase 
diagram of the Cu2S-ZnS-SnS2 (or Cu2Se-ZnSe-SnSe2) system exhibits very narrow region 
of stability for single phase kesterite CZTS/CZTSe crystals (Figure 1.3) [44] [45] [46] [47]. 
Kesterite structure is highly sensitive to composition compared to the chalcopyrite structure 
[48] [49] [50] [51]. Only 1–2% deviation from the ideal stoichiometric composition is 
allowed compared to ~ 4% deviation in chalcopyrites [52]. Also, the stability region of 
CZTSSe for Cu-rich condition in the chemical potential µSn-µZn diagram is about 0.1 eV 
wide [48] [49] [50] [51] [53] compared to the 0.5 eV wide stability region for chalcopyrite 
CuInSe2 [54]. Based on ab-initio calculations and experimental results, it is considered that 
single phase kesterite is far more difficult to prepare compared to chalcopyrites. 
 
Figure 1.3. Phase diagrams of (a) Cu2S-ZnS-SnS2 [44], and (b) Cu2Se-ZnSe-SnSe2 
pseudo-ternary systems at 670K [45]. 
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1.3.3 Secondary Phases and Intrinsic Defects 
High efficiency CZTSSe solar cells were found to have Cu-poor and slightly Zn-
rich composition in general. It was observed that irrespective of the deposition technique 
or absorber preparation method, the best solar cells reported in the literature were obtained 
with an elemental ratio of ~0.8-0.9 for Cu/(Zn+Sn) and ~1.1-1.2 for Zn/Sn. During the 
absorber layer fabrication process, secondary phases such as Zn(S,Se) and Cu2Sn(S,Se)3 
may form in the Zn-rich regime. Nagoya et al. [48] and Maeda et al. [55] have theoretically 
predicted ZnS to be the predominant impurity phase under the Cu-poor and Zn-rich growth 
condition with CuZn antisite being the most stable defect in the entire stability region of 
CZTS [53]. 
Recently, the existence of ZnSe secondary phase in Cu2ZnSnSe4 films have been 
experimentally confirmed [56] [57]. Zn(S,Se) has a wider band gap and exhibits high 
resistivity and therefore is not considered to be responsible for reduced open-circuit voltage 
or reduced shunt resistance, but can lead to high series resistance of the solar cell [30] [56]. 
Other secondary phases, such as Sn(S,Se)x, Cux(S,Se), and Cu2Sn(S,Se)3 phases are 
considered to have more detrimental effect because of their lower band gap and high 
conductivity, which can significantly reduce the open-circuit voltage (VOC) and decrease 
the shunt resistance (RSh) leading to inferior performance of the solar cell [42]. 
Defects play an important role in the resulting optoelectronic properties of 
semiconductor materials. There are thirteen possible isolated intrinsic point defects in 
kesterite CZTS structure that may form during the film/crystal growth including vacancies 
(VCu, VZn, VSn, and VS), antisites (CuZn, ZnCu, CuSn, SnCu, ZnSn, and SnZn), and interstitial 
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defects (Cui, Zni, and Sni). Existence of point defects and deviation from the ideal 
stoichiometry is attributed to the intrinsic p-type conductivity of CZTSSe. 
Several theoretical defect studies based on density functional theory (DFT)/first 
principle calculations have been employed to investigate the defect mechanism and 
formation energies of different possible point defects in kesterites [48] [49] [51] [53] [55] 
[58] [59] [60]. Chen and co-workers have carried out detailed theoretical studies of the 
defect characteristics in CZT(S,Se) [38] [53] [61] [62]. Out of the possible thirteen point 
defects mentioned above, the lowest five formation energies in ascending order correspond 
to CuZn, VCu, ZnSn, VZn, and CuSn respectively for Cu-poor composition. 
All investigations converge to the general agreement that the acceptor defects, such 
as CuZn or CuSn antisites and the Cu vacancy (VCu) has lower energy of formation with the 
lowest formation energy for CuZn antisite defect. The donor defects, such as the S vacancy 
(VS) and the ZnCu antisite have much higher energy of formation. Such low formation 
energies of the acceptor defect levels, particularly CuZn antisite suggests the favorable 
formation of acceptors and is generally attributed for the evolution of p-type characteristic 
of Cu2ZnSnS4 [63] [64] [65] [66] [67] [68] [69] [70] [71] and Cu2ZnSnSe4 [72] [73] [74] 
[75]. This explains why CZT(S,Se) had always been reported to be of p-type regardless of 
the deposition method and high efficiency solar cells have been reported to have Cu-poor 
and Zn-rich stoichiometry. 
The CuZn substitution occurs at the 2d site and ZnCu substitution occurs at the 2c 
site [76] [77]. The existence of charge-compensated electrically neutral defect complexes, 
such as [CuZn
− + ZnCu
+]0 and [VCu
− + ZnCu
+]0 are also predicted for Cu-rich, Zn-poor and 
Cu-poor, Zn-rich CZTS respectively [49]. However, such electrically benign defect pairs 
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are believed to help in screening and electronic passivation of the deep levels, thus reducing 
the charge carrier recombination resulting in improved device performance [48] [53] [55]. 
1.4 THE SOLAR SPECTRUM 
The solar radiation on the earth’s outer space closely matches the black body 
radiation corresponding to ~5800 K. The solar spectrum is distributed over a wide range 
of wavelengths from deep ultraviolet to far infrared. As the sunlight passes through the 
atmosphere, various chemicals (e.g. O3, H2O, CO2 etc.) absorb lights of certain 
wavelengths resulting in a solar spectrum with attenuated absorption lines on the earth’s 
surface. Various standards for solar spectra have been developed by ASTM for the different 
amounts of solar radiation received at different altitudes on earth defined by the ‘Air Mass’ 
(AM). The solar spectrum on earth’s outer space is defined by ASTM standard E490 which 
is used in PV measurements for extra-terrestrial applications, such as satellites etc. and is 
commonly referred to as AM0. For terrestrial applications, the PV measurement is carried 
out under the solar spectrum incident on the earth’s surface designated as AM1.5G (global) 
based on the ASTM standard G173 [78]. The photovoltaic response of a solar cell is 
dependent on the bandgap of the semiconductor material used as the active photo-absorber. 
The AM0 and AM1.5G spectral distributions along with the absorption band edges of 
various photovoltaic materials are shown in Figure 1.4. 
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Figure 1.4. The solar spectrum outside the earth’s atmosphere (AM0) and on the sea level 
(AM1.5G). Band edges of different PV absorber materials are marked by arrows. 
 
Semiconductor materials with narrow bandgap can produce higher currents since it 
can be excited by light with longer wavelengths. However, the VOC is limited due to the 
narrow bandgap. On the contrary, wide bandgap absorber materials can generate higher 
VOC but the resulting current would be lower since only the high energy photons at shorter 
wavelengths can excite the electrons in these materials and therefore will only absorb a 
small fraction of the available solar spectrum. Hence, there is an optimum range of the 
absorber material’s bandgap to obtain the best photoconversion efficiency. The limit of 
maximum theoretical efficiency of a single junction solar cell can be estimated from the 
detailed photon balance equations developed by Shockley and Queisser [24]. The 
maximum efficiency curve as a function of material bandgap is shown in Figure 1.5. 
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Figure 1.5. The maximum theoretical efficiency curves of a single junction solar cell as a 
function of photo-absorber bandgap calculated from Shockley-Queisser detailed photon 
balance equations. 
 
The Shockley-Queisser efficiency limit of a solar cell can be estimated from these 
curves corresponding to the absorber material’s bandgap. It is observed that the maximum 
theoretical efficiency can be achieved with a semiconductor having bandgap in the range 
of ~1.2-1.5 eV. It is clearly seen that the bandgap of CZTSSe falls in the range for highest 
photoconversion efficiency. 
1.5 HETEROJUNCTION SOLAR CELL: PRINCIPLE OF OPERATION 
The fundamental operating principle of a heterojunction solar cell is essentially the 
same as that of a homojunction Si solar cell except that the p-type and n-type materials are 
different. CZTSSe exhibits intrinsic p-type conductivity and n-CdS shows good band 
alignment with p-CZTSSe. Also, superior junction properties have been achieved using 
 15 
 
CdS as the heterojunction partner in CIGS-based solar cells resulting in best performing 
devices in the past. Thus, CdS is most exclusively used as the n-type heterojunction partner 
for CZTSSe-based solar cells as well. 
The energy band diagram of p-CZTS and n-CdS is shown in Figure 1.6 indicating 
the positions of conduction band minima (CBM) and valence band maxima (VBM) of each 
material. The standard literature values for electron affinity and bandgaps of CZTS and 
CdS have been used to draw the band diagram. After formation of the heterojunction, the 
equilibrium band diagram of the solar cell including the p-n junction is shown in Figure 
1.7. 
 
Figure 1.6. Energy band diagrams of isolated p-Cu2ZnSnS4 and n-CdS before the 
heterojunction formation. 
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Figure 1.7. Energy band diagram of a CZTS-based heterojunction solar cell showing the 
band bending near the junction and schematic representation of photo-generation and 
separation of charge carriers. 
 
In p-type CZTS, the Fermi level (EF) is closer to the valence band and in n-CdS the 
Fermi level (EF) is closer to the conduction band. During the formation of the 
heterojunction, charge transfer occurs across the junction until the Fermi levels align up 
and equilibrium is reached. This charge transfer leads to the formation of a space charge 
region (depletion region) near the junction causing a band bending as shown in Figure 1.7. 
The working principle of the solar cell can be understood referring to the band 
diagram of Figure 1.7. Photo-generation of charge carriers and the current collection 
process is shown in four steps (1-4) marked in red. In step 1 and 2, the incident photon 
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interacts with the CZTS absorber layer and the photon energy is transferred to an electron 
lying in the valence band resulting in the creation of an electron-hole pair (the electron 
shifts to the conduction band from the valence band leaving a hole in the valence band). 
This process (step 1 and 2) is known as the photo-generation of charge carriers. The built-
in electric field in the space charge region forces the electron and the hole to travel in the 
opposite directions and eventually reaching the front and back electrodes respectively. This 
process (step 3 and 4) is referred to as the charge carrier separation and current collection. 
The collected charges then flow through an external circuit to power an electrical load. 
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CHAPTER 2: CZTSSe THIN-FILM FABRICATION AND 
CHARACTERIZATION 
2.1 OVERVIEW 
This chapter is subdivided into two segments. In section 2.2, CZTSSe thin-film 
fabrication process is described in details. Structural, compositional, and morphological 
properties of the fabricated films were studied by Raman Spectroscopy, SEM/EDX, XPS, 
and AFM measurements and the results are presented in section 2.3. Characterization 
results are reported for the CZTSSe film corresponding to the best performing solar cell (η 
= 4.06%) achieved in this work. The microstructural and morphological studies were also 
performed on a high efficiency (η = 7.05%) CZTSe solar cell obtained from NREL and the 
results are incorporated in section 2.3.2 and 2.3.5 for a direct comparison to the 4.06% 
CZTSSe cell. Microstructures of these two cells showed significantly different features and 
their effect on the cell electrical parameters and photovoltaic performance are discussed in 
Chapter 3:. 
Several fabrication routes have been investigated for the preparation of CZTSSe 
thin-films since the first working photovoltaic cell reported by Katagiri et al. in 1997 [69]. 
CZTSSe films and solar cells have been fabricated by vacuum based evaporation [15] [18] 
[69] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] and sputtering techniques [89] [90] 
[91] [92] [93] [94] [95] [96] [97], as well as non-vacuum approaches using nanoparticle 
inks [98] [19] [99] [100], hydrazine-based solution-particle slurry [101] [102] [103] [104], 
electrodeposition [105] [106] [107] [108], spray pyrolysis [109] [110] [111] [112], and 
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open atmosphere chemical vapor deposition (OACVD) methods [113]. Recently, an 
astounding photo-conversion efficiency of 12.6% has been reported for CZTSSe solar cell 
with the absorber layer prepared by a non-vacuum process using hydrazine-based hybrid 
solution-particle slurry [104]. However, use of highly toxic and hazardous hydrazine 
severely limits the scalability of this process for high volume commercial production. Other 
non-vacuum thin-film fabrication approaches promise cost reduction, however the 
reproducibility and film quality is compromised. 
On the other hand, vacuum-based physical vapor deposition methods are well-
established standards for growing high quality thin-films in the semiconductor industry. 
Particularly, evaporation has been proved to be a commercially scalable and cost effective 
method for growing superior quality CIGS and CdTe films in the past with unprecedented 
reproducibility achieving high efficiency solar cells. In this dissertation, a vacuum-based 
thermal evaporation technique was used for the fabrication of polycrystalline CZTSSe 
photo-absorber films. 
2.2 CZTSSe THIN-FILM ABSORBER LAYER PREPARATION 
The CZTSSe thin-film absorber layer was prepared by a two-step process. In the 
first step, high purity ZnS (99.99%), Cu (99.999%), and Sn (99.999%) were sequentially 
evaporated on molybdenum (Mo) coated soda-lime glass (SLG) substrates forming a 
ZnS/Cu/Sn stacked precursor layer on SLG/Mo. In the second step, substrates with the 
vacuum deposited precursor stacks were annealed under a mixed sulfur and selenium vapor 
at 550°C to react with the precursor forming the polycrystalline CZTSSe film. The two-
step film fabrication process is illustrated in Figure 2.1. 
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Figure 2.1. Schematic representation of the two-step CZTSSe thin-film fabrication 
process. 
 
Bi-layer DC sputtered Mo-coated SLG substrates were used for the solar cell 
fabrication. Total thickness of the Mo film was approximately 700 nm. A vacuum thermal 
evaporator (CHA-SE600) shown in Figure 2.2 was used for the physical vapor deposition 
(PVD) of ZnS, Cu, and Sn precursors forming the ZnS/Cu/Sn stacked layer (Figure 2.1). 
The evaporation system is equipped with three individual sources that can be operated one 
at a time which allowed sequential deposition of all three layers of the precursor stacks in 
one vacuum cycle. A base vacuum of 210-6 torr was attained prior to the deposition 
evacuated by a diffusion pump. An Inficon XTC/2 thin-film deposition controller 
connected to a quartz crystal thickness monitor was programmed for automated deposition 
of all precursor layers. The tooling factor for each material deposition was precisely 
 21 
 
calculated in order to accurately control the deposited film thickness within ±1% of the 
desired value. 
 
 
Figure 2.2. CHA-SE600 thermal evaporation system used for the deposition of ZnS, Cu, 
and Sn to prepare the precursor stacks for CZTSSe films. 
 
The sulfurization/selenization setup consisted of a horizontal quartz tube furnace 
(GSL-1100X, MTI Corporation) as shown in Figure 2.3. The chamber was evacuated by a 
mechanical pump and successively purged with argon to eliminate any residual oxygen in 
the system. 0.5 gm of high purity sulfur (99.999%) and 2.0 gm of zone refined (ZR) 
selenium (>7N) powders loaded in a quartz boat was used as the (S+Se) source. Dry UHP 
Ar flown at ~10 SCCM was used as the carrier gas. The reaction was carried out at 550°C 
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for one hour under atmospheric pressure following which the furnace was turned off and 
subsequently cooled down to room temperature. 
 
 
 
Figure 2.3. The sulfurization/selenization setup. 
 
There are several challenges in fabricating CZTSSe absorber film that leads to an 
efficient solar cell. Performance of a CZTSSe cell is highly composition sensitive. As a 
general consensus, high efficiency solar cells could be obtained with a Cu-poor and slightly 
Zn-rich composition in the absorber, whereas stoichiometric films have been reported to 
show inferior photovoltaic performance. Also, during the high temperature 
sulfurization/selenization process, Sn loss from the precursor film as volatile Sn(S,Se)x 
have been reported [19] [114] [115]. Moreover, the processing parameters, such as 
temperature profile, peak reaction temperature, annealing duration etc. play a key role in 
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the final composition, microstructure, and resulting optoelectronic properties of the 
fabricated films. Therefore, obtaining a PV-grade absorber film requires optimization of 
several process parameters and is a challenging task. 
Initial attempts of CZTSSe film preparation with stoichiometric precursors 
revealed approximately 20% Sn loss during the sulfurization/selenization process resulting 
in a highly Zn-rich and Cu-rich film. Results from these preliminary studies suggested that 
a highly Cu-poor precursor is necessary to obtain the desired final film composition with 
Cu/(Zn+Sn) ratio in the range of 0.8-0.9. Therefore, seven sets of highly Cu-poor precursor 
stacks with fixed Cu/(Zn+Sn) ratio of 0.7 and varying Zn/Sn ratios from 0.75-1.50 were 
fabricated. For simplicity, the ZnS thickness was kept constant at 300 nm and the thickness 
of Cu and Sn layers were varied to obtain the desired Zn/Sn ratio in the precursor. 
Thickness of ZnS, Cu, and Sn layers in all seven stacks and the corresponding elemental 
composition of the precursors are summarized in Table 2.1. The best solar cell was 
obtained from the precursor stack layer with 300 nm ZnS, 132 nm Cu, and 227 nm Sn 
(Stack ID: 3c in Table 2.1). 
After annealing the substrates under (S+Se) vapor, the elemental atomic 
composition of the final CZTSSe films significantly changed from the parent precursor. 
Structural, compositional, and morphological properties of the CZTSSe films have been 
characterized by Raman spectroscopy, SEM/EDX, XPS, and AFM measurements and the 
results are presented in the next section. 
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Table 2.1. Summary of the precursor layer thickness and compositions for seven sets of 
precursor stacks. 
 
Stack 
ID 
Precursor stack layer thickness (nm)  Precursor elemental ratios 
𝑍𝑛𝑆 𝐶𝑢 𝑆𝑛 
Total  
thickness 
 𝐶𝑢
(𝑍𝑛 + 𝑆𝑛)
 
𝑍𝑛
𝑆𝑛
 
𝐶ℎ𝑎𝑙𝑐𝑜𝑔𝑒𝑛
𝑀𝑒𝑡𝑎𝑙𝑠
 
2c 300 146 273 719  0.7 0.75 0.252 
3c 300 132 227 659  0.7 0.90 0.279 
8a 300 126 205 631  0.7 1.00 0.293 
3b 300 120 186 606  0.7 1.10 0.308 
5b 300 116 172 588  0.7 1.20 0.319 
2d 300 111 158 569  0.7 1.30 0.332 
4d 300 105 136 541  0.7 1.50 0.353 
 
2.3 CZTSSe FILM CHARACTERIZATION 
2.3.1 Raman Spectroscopy 
Raman spectroscopy is a powerful non-destructive characterization technique 
which can identify the chemical structure of a material under investigation and provides 
information specific to the chemical bond vibrations. Raman spectroscopy was performed 
on the grown CZTSSe absorber film to investigate the structure and phase purity of the 
films and is shown in Figure 2.4. The micro-Raman system used for the measurement was 
equipped with a 632 nm laser excitation with ~2 µm spot size. The setup was calibrated to 
known Si peak at 520.7 cm-1 prior to the measurement. 
As shown in Figure 2.4, the major peak corresponding to 326.6 cm-1 is attributed to 
the A1 vibrational mode of the sulfur atoms present in the CZTSSe crystal lattice. The 
other broad peak at lower wavenumber region consists of two individual peaks – one at 
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211.5 cm-1 and the other at 218.1 cm-1. The peak at 211.5 cm-1 is attributed to the A1 mode 
vibration originated from the Se atoms in CZTSSe and is in well agreement with the 
reported Raman shifts observed in CZTSSe bulk crystals and thin films [116] [117]. The 
other peak at 218.1 cm-1 corresponds to a SnS secondary phase which formed during 
sulfurization/selenization process [116]. Also, the small peak detected at 191.8 cm-1 can be 
attributed to the SnS/SnSe2 phases. However, no other eminent peaks corresponding to 
secondary phases, such as β-ZnS/ZnSe (353 cm-1/205 cm-1 and 251 cm-1), Cu2-xS/Cu2-xSe 
(475 cm-1/260 cm-1), and Cu2SnS3/Cu2SnSe3 (318 cm
-1/180 cm-1) were observed. Two 
other relatively less intense Raman peaks related to CZTS/CZTSe were found at 176.4 cm-
1 and 229 cm-1 as indexed in Figure 2.4. The peak positions observed here are further 
supported by the Raman spectra acquired on bulk single phase CZTSSe (S:Se = 1:1) 
crystals as presented in section 6.3. 
 
Figure 2.4. Raman spectra acquired on the fabricated CZTSSe absorber film. 
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2.3.2 Scanning Electron Microscopy (SEM) 
The cross-sectional scanning electron microscopy (X-SEM) analysis was 
performed on the completed solar cells using a Zeiss Ultraplus thermal field emission 
scanning electron microscope (FESEM) equipped with EDX microanalysis. The X-SEM 
images of the CZTSSe cell and the NREL fabricated high efficiency CZTSe cell are shown 
in Figure 2.5. 
 
Figure 2.5. X-SEM images of (a) CZTSSe solar cell (η=4%), and (b) CZTSe solar cell 
(η=7%) respectively. 
 
A number of notable features were observed from the SEM images. The CZTSSe 
cell showed small multiple grains in the z-direction with different grain sizes ranging from 
~0.3-0.8 µm. Such smaller multigrain structure presents grain boundaries in the transverse 
direction to the transport path of the photo-generated carriers across the cell which act as 
recombination center and hinders carrier transport. These phenomena are well known for 
limiting the photo-generated current and reduce fill factor in polycrystalline thin-film solar 
cells. The second notable observation was the presence of micro air-voids at the back 
contact. This reduces the effective contact area leading to an increased series resistance. 
We believed that further optimization the film growth parameters will lead to the 
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elimination of these undesired air-voids. Unlike the low efficiency CZTSSe cell, the 
CZTSe absorber layer of the high-efficiency (η=7.05%) cell showed closely packed 
vertical columnar grain structure without any air voids. Also, a thin interfacial Mo(SSe)x 
layer was observed at the Mo back contact in the CZTSSe cell, but the high efficiency 
CZTSe cell was free from any such interfacial layer. 
2.3.3 Energy Dispersive X-ray Spectroscopy (EDX) 
The EDX analysis was performed on the CZTSSe absorber layer (corresponding to 
precursor stack 3c in Table 2.1) to measure the elemental composition and the calculated 
elemental ratios are tabulated in Table 2.2. It is observed that the final film became Zn-rich 
although the parent precursor had a Sn-rich composition (see Table 2.1). This happened 
due to Sn-loss in the form of volatile Sn(S,Se) during the annealing process. 
The EDX line scan on the device cross-section is presented in Figure 2.6. The 
formation of a Mo(SSe)x interfacial layer at the back contact can be observed in the Se 
scan line. 
Table 2.2. Elemental ratios in the CZTSSe photo-absorber films. 
 
Composition of CZTSSe film: Cell 4   Elemental ratios 
𝐶𝑢 
(at%) 
𝑍𝑛 
(at%) 
𝑆𝑛 
(at%) 
𝑆 
(at%) 
𝑆𝑒 
(at%) 
 
𝐶𝑢
(𝑍𝑛 + 𝑆𝑛)
 
𝑍𝑛
𝑆𝑛
 
𝑆
(𝑆 + 𝑆𝑒)
 
𝐶ℎ𝑎𝑙𝑐𝑜𝑔𝑒𝑛
𝑀𝑒𝑡𝑎𝑙𝑠
 
15.49 10.64 9.41 37.56 26.91  0.773 1.13 0.583 1.815 
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Figure 2.6. The EDX line scans of different elements in the CZTSSe solar cell. 
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2.3.4 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) measurements were carried out on the 
Cu2ZnSn(SxSe1-x)4 absorber film to identify the electronic states of the constituent 
elements. XPS is a surface characterization technique which can identify elemental 
composition, chemical states, bonding information, and predicts types of compounds 
present in a material. 
In this experiment, a photon of known energy, hν, bombards the surface of a 
material and is absorbed by the material (Figure 2.7) resulting in ionization and emission 
of an inner shell electron into the vacuum according to the following equation: 
𝐸𝑘 = ℎ𝜈 − 𝐸𝑏                                                            2. 1 
Where, Ek is the kinetic energy of the emitted photoelectron, hν is the photon 
energy, and Eb is the binding energy of the electron. All elements exhibit characteristic 
binding energies, Eb, associated with its atomic orbit. This means that each element and 
molecule will give rise to specific peaks in the XPS spectrum at the kinetic energies Ek, 
depending on the photon energies and binding energies. Most modern XPS systems use 
monochromatic X-ray sources, which emit photons with a fixed energy. When subtracted 
from the kinetic energy, the binding energy of the detected photoelectrons are known, and 
the element and electron core level related to these counted photoelectrons can be 
determined. 
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Figure 2.7. Schematic diagram of binding energy and kinetic energy of a displaced 
electron due to x-ray interaction with a material. 
 
XPS measurements were conducted with a Kratos AXIS Ultra DLD XPS system 
equipped with a hemispherical energy analyzer and a monochromatic Al Kα source with 
energy 1486.6 eV. The Al Kα source was operated at 15 keV and 150 W incident on surface 
at 45° with respect to the surface normal. The pass energy was kept fixed at 40 eV for the 
detail scans. The sample chamber was kept under ultra-high vacuum of 2×10-9 torr and a 
high performance charge neutralizer was used to compensate for the sample surface charge. 
The binding energy of the analyzer was calibrated with an Ag foil to the value of 368.21 ± 
0.025 eV. The spot size for analysis was approximately 0.3×0.7 mm2. During XPS 
scanning, the reproducibility of spectra were assured by multiple scanning cycles to reach 
accuracy better than ±0.05 eV. 
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XPS survey spectrum of the CZTSSe film is shown in Figure 2.8. Strong 
photoelectron lines from Cu, Zn, Sn, Se, and S core levels along with a trace amount of 
carbon (C) and oxygen (O) lines are detected. The photoelectron peaks of interest and the 
pronounced auger peaks are identified and indexed in the figure. No foreign impurities 
were observed from the survey spectrum. 
 
Figure 2.8. XPS survey spectrum of CZTSSe absorber film. 
 
High resolution spectra of Cu 2p, Zn 2p, Sn 3d, Se 3d, and S 2p core levels were 
acquired to determine the electronic states of the elements. Since the XPS observations for 
all three crystals were similar, only the results of CZTSSe crystal is discussed in this 
section. The high resolution XPS spectra for CZTSSe crystal are shown in Figure 2.9. Cu 
2p, Zn 2p, and Sn 3d core levels were found to be split into two spin orbitals— 2p1/2, 2p3/2, 
and 3d1/2, 3d3/2, respectively. S 2p and Se 3p peaks were merged together and Se 3d3/2 and 
3d5/2 spin orbitals were overlapped. The superimposed peaks were de-convoluted using 
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XPS peak fitting program to locate precise peak positions. A Shirley background 
subtraction was applied for all Gaussian peak fittings. 
 
 
 
Figure 2.9. XPS survey spectrum of CZTSSe absorber film. 
 
The two spin orbits of Cu 2p core levels were split into a doublet separated by 
ΔE=19.81 eV (2p1/2 at 951.89 eV and 2p3/2 at 932.08 eV), which is indicative of Cu (I). 
The Zn 2p core level orbitals at 1044.63 eV and 1021.59 eV corresponding to 2p1/2 and 
2p3/2 with a peak separation of ΔE=23.04 eV suggests the presence of Zn (II) state. Sn 3d 
spin orbitals, (3d3/2 located at 494.47 eV and 3d5/2 located at 486.0 eV) can be attributed to 
the existence of Sn (IV) electronic state. The S 2p doublet separated by an energy gap of 
1.19 eV (2p1/2 at 162.45 eV and 2p3/2 at 161.26 eV) and Se 3d doublet separation of 0.81 
eV (3d3/2 at 54.25 eV and 3d5/2 at 53.44 eV) can be assigned to the formation of metal sulfo-
selenides, which are consistent with the standard reference values. The peak positions, 
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FWHM, and energy separation between the split orbitals (ΔE) for all elements are 
summarized in Table 2.3. 
 
Table 2.3. Summary of XPS core level peak parameters of CZTSSe film. 
 
Core level Binding energy (eV) FWHM Peak separation, ΔE (eV) 
Cu 2p1/2 951.89 1.67 
19.81 
Cu 2p3/2 932.08 1.23 
Zn 2p1/2 1044.63 1.41 
23.04 
Zn 2p3/2 1021.59 1.30 
Sn 3d3/2 494.47 1.07 
8.47 
Sn 3d5/2 486.00 1.13 
Se 3d3/2 54.25 1.47 
0.81 
Se 3d5/2 53.44 0.76 
S 2p1/2 162.45 0.83 
1.19 
S 2p3/2 161.26 0.74 
C 1s 284.49 1.39 - 
O 1s 532.04 1.55 - 
 
2.3.5 Atomic Force Microscopy (AFM) 
Surface morphology and the roughness of the CZTSSe and CZTSe films were 
studied by atomic force microscopy (AFM). A Picoplus AFM was operated in tapping 
mode and a Si tip with a nominal frequency of 61 KHz was used for the scanning. The scan 
area was 10 µm  10 µm with a resolution of 256 lines per scan. 
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Figure 2.10. Three-dimensional AFM image showing the surface morphology of the 
CZTSSe absorber layer. 
 
 
Figure 2.11. Three-dimensional AFM image showing the surface morphology of NREL 
fabricated CZTSe absorber layer. 
 
 35 
 
The tip details and the AFM setup photograph are included in APPENDIX B –. The 
three-dimensional surface scans of the CZTSSe and CZTSe cells are plotted in Figure 2.10 
and Figure 2.11 respectively. The CZTSSe film surface was found to be much rougher than 
the CZTSe absorber film prepared by vacuum co-evaporation at NREL. In Figure 2.12, the 
two dimensional images are shown with surface line scans. 
 
 
 
Figure 2.12. Two-dimensional AFM images of the (a) CZTSSe and (b) CZTSe films 
respectively, and (c) line scan roughness profile of the two absorber films. 
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The average and rms roughness values were calculated using the following formula: 
𝑅𝑎𝑣𝑔 =
1
𝑁
∫ |𝑍(𝑥)|
𝐿
0
𝑑𝑥 ≈
1
𝑁
∑|𝑍𝑛 − ?̅?|
𝑁
𝑛=1
                                           2. 2 
𝑅𝑟𝑚𝑠 = √
1
𝑁
∫ |𝑍2(𝑥)|
𝐿
0
𝑑𝑥 ≈ √
1
𝑁
∑(𝑍𝑛 − ?̅?)2
𝑁
𝑛=1
                               2. 3 
Where 𝑁 is the total number of points within the analysis area, 𝐿 is the evaluation length 
over which the analysis is performed, 𝑍(𝑥) is the function defining the measured surface 
profile, ?̅? is the mean surface height relative to the center plane within the analysis area, 
𝑍𝑛 is the height of point 𝑛 in the z-direction. The rms and average roughness of the CZTSSe 
film was calculated to be 88.4 nm and 70.8 nm respectively. The CZTSe film had a 
smoother morphology with rms and average roughness values of 57.5 nm and 46.7 nm 
respectively. A notable feature in the low efficiency CZTSSe cell is the presence of micro-
pores on the film surface as encircled and marked by arrows in Figure 2.12. These pores 
act as low-resistance shunt paths contributing to the low shunt resistance as discussed in 
section 3.3.1. 
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CHAPTER 3: SOLAR CELL FABRICATION AND 
CHARACTERIZATION 
3.1 OVERVIEW 
This chapter provides details of CZTSSe-based heterojunction solar cell fabrication 
process and electrical characterization results of the cells including current-voltage (I-V) 
characteristics under illumination and under dark conditions, illumination dependent 
performance, and capacitance-voltage (C-V) measurements. Photovoltaic performance of 
the fabricated solar cells were studied and the diode parameters were extracted. The 
complete solar cells were fabricated on the as-prepared CZTSSe absorber films as 
discussed in Chapter 2:. 
3.2 DEVICE STRUCTURE AND SOLAR CELL FABRICATION 
The well-studied CIGS thin film solar cell structure is usually inherited for CZTS-
based devices. The schematic structure of a typical CZTSSe solar cell is shown in Figure 
3.1 along with the corresponding cross-sectional SEM image of the fabricated CZTSSe 
device. Sputtered bi-layer molybdenum (Mo) film with a thickness of ~0.7 μm deposited 
on soda-lime glass (SLG) substrate was used as the standard back contact. The p-type 
CZTSSe absorber layer thickness was measured to be ~1.2-1.4 μm. A thin (~50 nm) n-type 
CdS window layer was deposited on the p-CZTSSe film by a low-cost chemical bath 
deposition technique forming the heterojunction. Subsequently, the device structure was 
completed by deposition of ~50 nm thick high resistive intrinsic ZnO (i-ZnO) buffer layer 
followed by the deposition of ~200 nm thick Al doped ZnO (Al:ZnO) layer by RF 
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magnetron sputtering. Finally, front Al grid lines were evaporated on top of the ZnO 
transparent conducting oxide (TCO) for improved current collection. The finished solar 
cells had a configuration of SLG/Mo/CZTSSe/CdS/i-ZnO/Al:ZnO/Al. No anti-reflection 
coatings were used for the solar cells studied in this dissertation. 
 
Figure 3.1. (a) Three dimensional schematic of the device structure, (b) cross-sectional 
SEM images of the CZTSSe solar cell (η=4.06%), and (c) SEM image taken from top of 
the solar cell. 
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The best performing solar cell array (prepared with the precursor stack ID: 3c in 
Table 2.1) with seven individual cells is shown in Figure 3.2. The Cell # 4 of this array 
exhibited the best photovoltaic performance corresponding to an efficiency of 4.06%. 
 
Figure 3.2. Photograph of the CZTSSe solar cell array prepared at the University of South 
Carolina (USC). 
 
3.3 SOLAR CELL CHARACTERIZATION 
3.3.1 Current-Voltage (I-V) Measurements: 
The current-voltage (I-V) characteristics of the fabricated solar cells were measured 
under illumination and under dark conditions. The dark and illuminated J-V plots for the 
CZTSSe cell are shown in in Figure 3.3. The photovoltaic performance of a solar cell is 
generally characterized by the following four important parameters: the open-circuit 
voltage (VOC), short-circuit current (ISC), fill factor (FF), and the photo-conversion 
efficiency (η). VOC is the maximum voltage that a cell exhibits under open-circuit 
condition, i.e. with an infinite load resistance connected across the cell. ISC is the maximum 
current that a cell produces while short-circuited, i.e. with a zero load resistor connected to 
the cell. In both open-circuit and short-circuit conditions the output power is zero. The 
maximum power that a cell can deliver to a practical load is found somewhere in between 
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and the corresponding voltage and the current is denoted by Vmp and Imp respectively. The 
maximum power output (Pmax) of a cell is given by the following relation. 
𝑃𝑚𝑎𝑥 = 𝑉𝑚𝑝 × 𝐼𝑚𝑝                                                          3. 1 
The fill factor is a measure of the fraction of the theoretical maximum power to the 
actual maximum power deliverable by the cell. The theoretical maximum power is defined 
by 𝑉𝑂𝐶 × 𝐼𝑆𝐶 and the actual maximum power Pmax is given by equation 3.1. The fill factor 
of the cell is then defined by equation 3.2. 
𝐹𝐹 =
𝑉𝑚𝑝 × 𝐼𝑚𝑝
𝑉𝑂𝐶 × 𝐼𝑆𝐶
                                                           3. 2 
The photoconversion efficiency (η) of the cell is defined as the fraction of the 
incident light energy (Pin) converted into electrical energy for use and is given by equation 
3.3. 
𝜂 =
𝑃𝑚𝑎𝑥
𝑃𝑖𝑛
=  
𝑃𝑚𝑎𝑥
𝐴 × 𝑃𝑂𝑝𝑡
                                                     3. 3 
In equation.3.3, Popt is the incident optical power density and A is the total cell area. 
For the fabricated CZTSSe cells, the total cell area was measured to be ~0.42 cm2 and the 
optical power density was 100 mW/cm2 for simulated AM1.5G illumination. 
The I-V measurements were performed using a Keithley 237 source measure unit 
(SMU) and the data acquision and analysis was performed by custom made LabVIEW 
programs. The best performing CZTSSe cell exhibited an open-circuit voltage (VOC) of 
506 mV, a short-circuit current density (JSC) of 22.92 mA/cm
2 and a FF of 35% resulting 
in an efficiency of η = 4.06% under AM1.5G illumination measured at 297K. The 
maximum power output (Pmax) at this illumination level was 1.694 mW corresponding to a 
voltage (Vmp) of 294 mV and a current (Imp) of 5.763 mA. 
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Figure 3.3. Dark and illuminated I-V characteristics of the best performing CZTSSe cell 
# 4 (top) and corresponding power curve of the cell (bottom). 
 
The dark J-V characteristics of the solar cell can be modelled by a standard two-
diode equation as below: 
𝐽 =  𝐽01 [𝑒𝑥𝑝 (
𝑉 − 𝐽𝑅𝑆
𝑛1𝑘𝑇
) − 1] + 𝐽02 [𝑒𝑥𝑝 (
𝑉 − 𝐽𝑅𝑆
𝑛2𝑘𝑇
) − 1] +
𝑉 − 𝐽𝑅𝑆
𝑅𝑆ℎ
                3. 4 
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where, J01, J02 are the reverse saturation current densities and n1, n2 are the ideality 
factors of diode 1 and diode 2 respectively. V is the applied voltage, T is temperature in 
kelvin and k is the Boltzmann constant. The experimental dark J-V data was fitted 
following equation 3.4 as shown in Figure 3.4. A value of J01 = 1.810-5 A/cm2, n1 = 3.9 
and J02 = 5.110-9 A/cm2, n2 = 2.15 were extracted from the fitting results. The series and 
shunt resistances were estimated to be ~31 Ω and 125 Ω respectively. Cell performance is 
found to be limited by the high series resistance, low shunt resistance accompanied with a 
poor fill factor. The cell microstructure is attributed to the origin of such high RS and low 
RSh as discussed in section 2.3.2 and 2.3.5 respectively. 
 
Figure 3.4. Fitting of the dark J-V data using the two-diode model of equation 3.4. 
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Recombination of the charge carriers is often a major contributor hindering the cell 
performance in polycrystalline thin-film solar cells. The VOC of a cell dominated by a 
recombination process is given by equation 3.5. 
𝑉𝑂𝐶 =
𝐸𝐴
𝑞
−
𝑛𝐾𝑇
𝑞
ln (
𝐽0
𝐽𝑃ℎ
)                                                    3. 5 
Where EA is the activation energy of the recombination center. Thus, a temperature 
dependent VOC measurement was performed to evaluate the recombination process in the 
cells and are shown in Figure 3.5. From the Y-axis intercept of the straight line fitting at 
higher temperature region, the activation energy associated with the recombination process 
can be extracted. It is seen that both cells show a lower activation energy of recombination 
compared to their bandgaps. This suggests that the dominant recombination process in 
these cells are occurring at the p-CZTSSe/n-CdS heterojunction interface most likely due 
to the presence of detrimental interfacial states. 
 
Figure 3.5. VOC as a function of temperature for CZTSSe (Cell 1) and CZTSe (Cell2). 
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3.3.2 Illumination Dependent Performance: 
The low-light performance of the cells were further investigated by I-V measurements 
under various illumination levels from 10 mW/cm2 to 100 mW/cm2. Neutral density filters 
were used to attenuate the incident light from the solar simulator. The open-circuit voltage 
(VOC) of a solar cell has a logarithmic dependence on the incident light intensity and is 
given by equation 3.6. 
𝑉𝑂𝐶
′ =
𝑛𝐾𝑇
𝑞
𝑙𝑛 (𝑋
𝐼𝑆𝐶
𝐼0
) =
𝑛𝐾𝑇
𝑞
[𝑙𝑛 (
𝐼𝑆𝐶
𝐼0
) + 𝑙𝑛(𝑋)] = 𝑉𝑂𝐶 +
𝑛𝐾𝑇
𝑞
𝑙𝑛(𝑋)          3. 6 
In Eq. 3.4, n is the ideality factor of the diode, K is the Boltzmann’s constant, T is 
the temperature in K, q is the electronic charge, I0 is the incident light intensity and X is 
the illumination factor. The short-circuit current of a cell is linearly dependent on the 
incident light intensity and is given by equation 3.7. 
𝐼𝑆𝐶
′ = 𝑋𝐼𝑆𝐶                                                                  3. 7 
The I-V curves at different illumination intensities are shown in Figure 3.6. It is 
observed that the effective efficiency increases as the light intensity is decreased and 
reaches to 6.38% under 10 mW/cm2 illumination. The dependence of the VOC and ISC as a 
function of illumination intensity are shown in Figure 3.7. A perfect logarithmic 
dependence of VOC and linear dependence of ISC on the incident light intensity was 
observed. 
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Figure 3.6. (a) I-V characteristics of CZTSSe cell # 4 under varying illumination levels 
and dependence of (b) VOC and (c) ISC with incident light intensity 
 
 
Figure 3.7. (a) I-V characteristics of CZTSSe cell # 4 under varying illumination levels 
and dependence of (b) VOC and (c) ISC with incident light intensity. 
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Table 3.1. Summary of cell performance parameters at different illumination intensities. 
 
Light Intensity 
(mW/cm2) 
VOC (mV) ISC (mA) FF (%) Vm (mV) Im (mA) η (%) 
100 506 9.63 34.8 294 5.76 4.06 
75 498 8.06 35.4 284 5.00 4.51 
50 478 5.57 37.1 284 3.48 4.71 
25 447 3.36 37.8 268 2.12 5.40 
10 400 1.78 37.6 238 1.13 6.38 
 
3.3.3 Capacitance-Voltage (C-V) Measurements 
Capacitance voltage (C-V) measurements provide useful information on the carrier 
concentration and barrier height of the device. C-V measurements were carried out using 
a Solartron 1470E multi-channel Cell Test System connected with a Solartron 1255B 
Frequency Response Analyzer (FRA). The effective carrier concentration is given by 
equation 3.8. 
𝑁𝐴 =
2
𝑞𝜀0𝜀𝑟𝐴2 [
𝑑 (1 𝐶2⁄ )
𝑑𝑉 ]
                                                 3. 8 
where, ε0 and εr are the free space permittivity and the dielectric constant of 
CZTSSe. A literature reported value of εr = 7 has been considered for our calculation. 
According to Eq. 3.7, the 1/C2 vs V plot should be a straight line whose intercept with the 
Y-axis represents the carrier concentration NA. 
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Figure 3.8. Capacitance vs voltage and Mott-Schottky plots for CZTSSe Cell # 4. 
 
The capacitance were measured at 100 KHz at a reverse bias sweep from zero to -
0.5 V and the data is plotted in Figure 3.8. From the Mott-Schottky plot (1/C2 vs V) straight 
line fitting, a free carrier concentration of 1.91016 cm-3 was estimated for the CZTSSe 
device. 
 
3.4 CONCLUSION 
The fabricated solar cells were characterized by current-voltage and capacitance-
voltage measurements. PV performance of the cells were evaluated under illumination and 
the diode characteristics were extracted from dark I-V measurement. The best cell showed 
an efficiency of 4.06% and the cell performance was limited by a recombination process 
at the junction as suggested by temperature dependent VOC measurements. 
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CHAPTER 4: IMPEDANCE SPECTROSCOPY AND AC EQUIVALENT 
CIRCUIT ANALYSIS 
4.1 OVERVIEW 
Impedance spectroscopy (IS) or admittance spectroscopy (AS) is a powerful 
characterization tool commonly used in electrochemistry for the investigation of bulk 
materials and solid-electrolyte interfaces. This method had been employed to study the 
charge carrier dynamics and equivalent circuit modelling of various devices, such as fuel 
cells, photo-electrochemical solar cells, solid state inorganic p-n junction solar cells, 
rechargeable batteries and porous electrodes. Also, temperature dependent AS 
measurements had been used to identify the majority carrier trap levels in solid state p-n 
junction solar cells. In this work, the impedance spectroscopy was performed to model a 
small signal ac equivalent circuit of the fabricated CZTSSe solar cells and extract the 
equivalent circuit parameters. This study provides important information on the electrical 
behavior of the cell that directly correlates to the physical phenomena inside the device. 
4.2 THEORY 
The impedance measurement technique involves application of a small alternating 
voltage signal 𝑣(𝑡) =  𝑉𝑚 sin(𝜔𝑡) = 𝑉𝑚𝑒
𝑗𝜔𝑡 across the cell followed by the measurement 
of the resulting current, 𝑖(𝑡) =  𝐼𝑚 sin(𝜔𝑡 − 𝜃) = 𝐼𝑚𝑒
𝑗(𝜔𝑡−𝜃); where θ is the phase 
difference between the voltage and the current signals and ω is the cyclic frequency (𝜔 =
2𝜋𝑓). The complex impedance of the cell is then calculated using the following formula: 
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𝑍(𝑡) =  
𝑣(𝑡)
𝑖(𝑡)
=
𝑉𝑚  𝑠𝑖𝑛 𝜔𝑡
𝐼𝑚  𝑠𝑖𝑛(𝜔𝑡 − 𝜃)
                                                         
   =
𝑉𝑚 𝑒
𝑗𝜔𝑡
𝐼𝑚 𝑒𝑗
(𝜔𝑡−𝜃)
                                                                                 
                  =  (
𝑉𝑚
𝐼𝑚
) 𝑒𝑗𝜃 =  𝑍0𝑒
𝑗𝜃 = 𝑍0 (cos 𝜃 + 𝑗 sin 𝜃)                         
= 𝑍0 (cos 𝜃 + 𝑗 sin 𝜃)                                                                  
                                   𝑍(𝑡) = 𝑍′ + 𝑗 𝑍′′ =  (
1
𝐺
) +  𝑗 (
1
𝜔𝐶
)                                          4. 1 
The magnitude and the phase shift of the complex impedance are given by: 
|𝑍| =  √(𝑍′)2 + (𝑍′′)2                                                     4. 2 
𝜃 =  tan−1 (
𝑍′′
𝑍′
)                                                             4. 3 
To study the frequency response of the device under test (DUT), the complex 
impedance 𝑍 is measured over a wide frequency range. The real part (𝑍′ = 𝑅𝑒(𝑍)) and the 
imaginary part (𝑍′′ = 𝐼𝑚(𝑍)) of the complex impedance (𝑍) are then separated out (see 
equation 4.1) and 𝑍′′ is plotted against 𝑍′ in a complex impedance plane for the selected 
frequency range – the plot is known as the ‘Nyquist plot’ or ‘Cole-Cole plot’. Fitting of the 
experimentally measured data is then carried out to identify the equivalent circuit 
parameters. 
4.3 EXPERIMENTAL PROCEDURE 
The Impedance spectroscopy (IS) was performed using a Solartron 1470E multi-
channel cell test system connected with a Solartron 1255B frequency response analyzer 
(FRA). The experimental setup is shown in Figure 4.1. In our study the frequency sweep 
was carried out from 0.1 Hz to 1 MHz and the amplitude of the applied AC signal was 
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fixed at 25 mV. All measurements were carried out under dark condition and at 297K 
ambient temperature. The instrument control, data acquisition and analysis was performed 
by ‘ZView’ software. 
 
Figure 4.1. Photograph of the impedance measurement setup: Solartron 1255B FRA 
connected to Solartron 1470E Cell Test System. 
 
4.4 RESULTS AND DISCUSSION 
The impedance spectra were collected under dark at different reverse bias 
conditions. Nyquist plots of Cell # 4 at different DC biases are shown in Figure 4.2. The 
amplitude |Z| and the phase shift θ as a function of frequency are plotted in Figure 4.3. 
respectively. The real and the imaginary parts of the complex impedance as a function of 
frequency are plotted in Figure 4.4. The real part and the imaginary part of the complex 
impedance as a function of frequency at different DC bias levels. 
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Figure 4.2. Nyquist plot of Cell # 4 under different DC bias measured under dark. 
 
 
Figure 4.3. (a) The amplitude of the complex impedance (|Z|) and the phase shift (θ) as a 
function of frequency at different DC bias levels corresponding to the impedance data 
presented in Figure 4.2. 
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Figure 4.4. The real part and the imaginary part of the complex impedance as a function 
of frequency at different DC bias levels. 
 
In order to fit the experimentally measured data, we reviewed possible equivalent 
circuit models and evaluated the frequency response of different models compared to the 
measured impedance data. Four different models have been analyzed in this study, starting 
from the simplest one – Model 1, to the most complex one – Model 4. Each of these four 
equivalent circuit models are investigated in the following section. Fitting was performed 
on the experimental data obtained at 0 V DC bias. 
The simplest equivalent circuit of a heterojunction solar cell can be modeled by a 
network of three circuit elements considering a defect-free ideal p-n junction device and 
perfect Ohmic contacts at the front and back electrodes. The circuit consists of a resistance 
(RS) connected in series with another resistance (RJ) and capacitance (CJ) connected in 
parallel as shown in Figure 4.5. The series resistance RS accounts for the bulk and contact 
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resistances, and the CZTSSe/CdS heterojunction is modeled by the parallel network of the 
resistance RJ and the capacitance CJ. The real and the imaginary parts of this electrical 
network are calculated as follows: 
𝑍′ = 𝑅𝑒(𝑍) = 𝑅𝑆 +  
𝑅𝐽
1 + 𝜔2𝐶𝐽
2𝑅𝐽
2                                     4. 4 
𝑍′′ = 𝐼𝑚(𝑍) = −
𝜔𝐶𝐽𝑅𝐽
2
1 + 𝜔2𝐶𝐽
2𝑅𝐽
2                                          4. 5 
According to Eq. 4.4 and Eq. 4.5, the impedance characteristic of this electrical 
network should be a perfect semicircle on the complex plane, as shown in Figure 4.5. The 
diameter of the semicircle is equal to the junction resistance RJ, and the displacement of 
the semicircle from the origin is measured by RS on the real axis. The maximum value of 
the imaginary impedance 𝑍0
′′ (corresponding to the real impedance 𝑍0
′  shown in Figure 4.5, 
lying at the center of the semicircle) is given by Eq. 4.6 from which the junction capacitance 
CJ can be calculated. 
𝑍0
′′ =  𝑅𝑗 =  
1
𝜔0𝐶𝑗
                                                         4. 6 
𝜔0 =  
1
𝑅𝑗𝐶𝑗
=  
1
𝜏
                                                            4. 7 
This simple R-RC model has a single time constant τ. An attempt to fit the 
experimental data (acquired at 0V DC bias) using Model 1 showed large deviation between 
the simulated and measured data which suggests presence of more circuit elements in the 
device. The data fit and the deviation in impedance amplitude (|𝑍|) are shown in Figure 
4.9 and Figure 4.10 respectively. It is clearly visible from Figure 4.2 that the plots are not 
perfect semicircle in nature and therefore it is justified that Model 1 is not sufficient to 
represent the electrical characteristic of the solar cell under test. 
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Figure 4.5. (a) The simple R-RC three component equivalent circuit ‘Model 1’ 
considering a perfect heterojunction solar cell and (b) the simulated Nyquist plot of the 
network representing various equivalent circuit parameters. 
 
It is evident from Figure 4.2 that the circular shape is distorted at the high frequency 
region which is most likely due to the superposition of another smaller semicircle with the 
main one. Presence of another superimposed semicircle suggests another parallel RC 
network to be connected in series with the existing R-RC network. This second RC network 
represents another diode in the device which is most likely due to the presence of a blocking 
barrier at the back contact that was ignored in Model 1. This speculation is further 
supported by the cross-sectional SEM studies where a Mo(SSe)2 interfacial layer was 
observed at the rear contact. Existence of such blocking diode at the Mo-CZTSSe interface 
have been reported by many research groups. Therefore, in Model 2 we incorporated 
another parallel RC network (RB||CB) as shown in Figure 4.6 taking the back contact 
blocking layer into account. 
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Figure 4.6. The equivalent circuit ‘Model 2’ with two parallel RC networks including the 
back contact blocking diode. 
 
A significant improvement of the fitting was achieved using Model 2 compared to 
Model 1 with a much smaller |𝑍| deviation as shown in Figure 4.9 and Figure 4.10 
respectively. However, ~10% residual mismatch between the experimental and simulated 
result indicates that further correction of the equivalent circuit ‘Model 2’ is necessary.  
In the next step, in Model 3 we account for the contribution from any possible defect 
levels in the cell. Defects in the absorber layer is represented by a series connected 
capacitance and resistance in parallel (R1||C1) to the heterojunction RC network. The 
resulting equivalent circuit is shown in Figure 4.7. 
 
Figure 4.7. The equivalent circuit ‘Model 3’ showing circuit elements representing the 
heterojunction, back contact blocking diode, and the contribution from defect levels in 
the CZTSSe absorber layer. 
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The simulated frequency response of this system is shown in Figure 4.9 and Figure 
4.10 respectively. The simulated data fit well to the experimental data in the low frequency 
region and a residual mismatch of about ±5% between 1 KHz to 1 MHz was observed. 
However, from Figure 4.9, it is evident that ‘Model 3’ requires modification to fit the 
measured impedance values. 
One key observation in Figure 4.9 is that the actual semicircle is depressed 
compared to all three simulated circles. This suggests the existence of a Constant Phase 
Element (CPE) in the system. CPE-R sub-networks had been used to account for the non-
ideality in solid state heterojunction solar cells. A CPE is a ‘capacitor-like’ passive element 
that exhibits frequency dependent electrical impedance with a constant phase difference 
over the frequency range. The complex impedance of a CPE is given by Eq. 4.8. 
𝑍 =
1
𝑇(𝑗𝜔)𝑃
                                                                   4. 8 
where T is a frequency independent term and P defines the non-ideality of the 
element. The value of P lies in between 0 and 1 (0 ≤ P ≤ 1) and for P = 1, Eq. 4.8 becomes 
identical to that of an ideal capacitor. Equivalent circuit models using CPE had been 
previously used to define CdTe/CdS thin film solar cells and it has been demonstrated that 
some defects in the absorber bulk or at the junction show frequency dependent behavior 
and can only be modeled using a constant phase element. In Figure 4.8, the modified 
‘Model 4’ is shown which has the same structure as ‘Model 3’ except that the capacitance 
C1 in ‘Model 3’ has been replaced by a constant phase element CPE1. 
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Figure 4.8. The equivalent circuit ‘Model 4’ obtained by replacing C1 in ‘Model 3’ by a 
constant phase element CPE1 that defines the electrical behavior of the defects in the 
CZTSSe absorber layer more accurately. 
 
 
Figure 4.9. Fitting of the simulated ac response of different equivalent circuit model to 
the experimental data. 
 
It can be observed in Figure 4.9 that ‘Model 4’ fits the experimentally measured 
data near perfectly. The residual mismatch is less than ±2% within 100 KHz and above that 
showed a minimal mismatch of ~±4%. It is possible to have pronounced contribution from 
more than one type of defect in the cell. However, adding more R-CPE elements to the 
existing network did not show any improvement over ‘Model 4’. Therefore, we conclude 
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that ‘Model 4’ represents the ‘ac equivalent circuit’ of the fabricated CZTSSe solar cell 
that is sufficient to accurately define the ac response of the device. 
 
Figure 4.10. Residual mismatch of the fitted impedance amplitude data (|Z|) to the actual 
experimental result. 
 
4.5 CONCLUSION 
Impedance spectroscopy was performed on the fabricated CZTSSe solar cells and 
an AC equivalent circuit model was proposed. The impedance analysis confirmed the 
presence of a blocking diode at the Mo-back contact and also suggested the presence of a 
major recombination phenomena exhibiting frequency dependent behavior and was 
modelled by a constant phase element. The AC equivalent circuit parameters were 
calculated from the fitted model. 
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CHAPTER 5: DEFECT LEVEL STUDY BY DEEP LEVEL TRANSIENT 
SPECTROSCOPY 
5.1 DEEP LEVEL TRANSIENT SPECTROSCOPY (DLTS) 
5.1.1 Introduction 
The conventional capacitive DLTS (C-DLTS) technique is a very sensitive tool to 
identify electrically active defects in semiconductors in terms of activation energy, defect 
type, and trap concentration [118] and have been widely used for deep and shallow level 
defect characterization of chalcopyrites and chalcogenides. [119] [120] The CZTSSe cells 
under investigation exhibited large depletion capacitance (Cd) beyond the detection limit 
of our DLTS system and therefore we have used current-mode DLTS (I-DLTS) technique 
which uses current transient measurements to identify the defect levels. Although, unlike 
C-DLTS, I-DLTS cannot distinguish between a majority and minority carrier trap, but it 
provides valuable information relating to the defect activation energies, defect 
concentration, and the capture cross-sections of the defect centers. 
In this section the cell prepared at USC (lower efficiency CZTSSe cell) is referred 
to as ‘Cell 1’ and the higher efficiency cell prepared at NREL is referred to as ‘Cell 2’. 
Both cells were characterized by I-DLTS measurements in this study and their photovoltaic 
performances are correlated to the identified defect levels. For a comparison of the PV 
performance, the J-V characteristics of both cells under dark and under simulated AM 1.5 
illumination are presented in Figure 5.1. Cell 1 showed a higher open-circuit voltage (VOC) 
of 506 mV compared to Cell 2, which exhibited a maximum VOC = 350 mV at 297K.  
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Figure 5.1. J-V characteristics of the two cells under dark and under AM 1.5 simulated 
illumination. 
 
5.1.2 Theory of DLTS Measurement 
In a semiconductor material, defect centers could either act as an electron trap or a 
hole trap. Associated with these trap levels four fundamental phenomena may occur as 
illustrated in Figure 5.2. Electrons could be trapped by a defect level acting as an electron 
trap, the process known as electron capture and consequently a trapped electron may get 
de-trapped if sufficient thermal energy is available, the process is known as electron 
emission. Similarly, a hole capture process is characterized by trapping of a hole by a defect 
level and the hole emission process by de-trapping of a previously captured hole. 
Different defect levels are activated at different temperatures and a temperature 
scan of the current transients are analyzed to extract the defect parameters. In Figure 5.3, a 
double boxcar method is shown by which a DLTS signal is generated from a temperature 
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dependent scan of the current transients. As shown in Figure 5.3, current transients are 
recorded within a rate window t1-t2. Transients at increasing temperatures from T1 to T9 
are shown and it is considered that a defect level is activated somewhere in this selected 
temperature range. The current difference (ΔI) within the rate window is then plotted 
against the temperature to generate the DLTS signal. At low temperatures, the transients 
take long duration to decay. As the temperature is increased, the decay becomes steeper as 
the trapped carriers get more thermal energy and is easily de-trapped. However, at much 
higher temperature, the decay is so fast that it comes back to its equilibrium before the 
initial delay time. Hence, a current deviation (ΔI) within the rate window is plotted against 
temperature to form the DLTS signal. 
 
Figure 5.2. Illustration of electron and hole trapping and de-trapping phenomena in a 
semiconductor material. 
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Figure 5.3. The double boxcar method used to generate the I-DLTS signal from a 
temperature dependent current transient scan. 
 
5.1.3 Experimental Procedure 
A SULA DDS-12 DLTS system was operated in current transient spectroscopy 
(CTS) mode to obtain I-DLTS spectra. Photograph of the system and a schematic of the 
experimental set-up illustrating various component blocks are presented in Figure 5.4 and 
Figure 5.5 respectively. The samples were mounted on a JANIS VPF800 cryostat stage 
controlled by a Lakeshore 335 temperature controller. 
The cells were reverse biased at VR = -0.4 V and a trap filling forward pulse of 
amplitude Va = +0.3 V with 10 ms pulse width was applied following which the current 
transients were recorded. The transient signals were successively processed by the CTS 
unit and the I-DLTS spectra were generated by choosing a suitable rate window using the 
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correlator units to calculate the emission rates at different temperatures following the 
standard double boxcar method. The correlator unit in DDS-12 is capable of assigning 
multiple rate windows in a single thermal scan. 
 
Figure 5.4. Photograph of the SULA DDS-12 DLTS measurement system. 
 
Figure 5.5. Schematic of the SULA DDS-12 DLTS setup showing main component 
blocks. 
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From equation 5.1 given below, [121] it can be seen that the expression of the 
current transient in I-DLTS also contains the steady-state diode leakage current. 
𝑖(𝑡) =
𝑞𝑊𝐴
2𝜏𝑒,ℎ
𝑁𝑇(𝑡) + 𝐼𝐿                                                    5. 1 
where, q is the electronic charge, W is the width of the measurement volume, A is 
the diode area, τe,h is the decay constant for the current transients corresponding to electron 
or hole emissions, and NT is the concentration of trapped charge carriers. If the diode 
leakage current exceeds a certain limit it can obscure the current transients. The correlator 
unit also removes the background leakage current prior to the measurements to avoid any 
such issues. The current transient captures were time delayed after the end of each filling 
pulse by an amount called the initial delay. The rate windows τ for the transient capture 
are dependent on the initial delays according to the following relation: 
𝜏 = 1
(1.94 × 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑒𝑙𝑎𝑦 (𝑚𝑠))⁄
                                   5. 2 
The capture cross-sections and the trap concentration were calculated from the I-
DLTS plots. The activation energies (ET) of the deep centers were extracted from the 
Arrhenius plots obtained from the emission rates calculated from the current transients. 
5.1.4 Results and Discussion 
The I-DLTS scans of Cell 1 and Cell 2 in the temperature range of 85-325 K are 
shown in Figure 5.6. It can be readily observed that the defect characteristics in these two 
cells are quite different. For Cell 1, two broad peaks were noticed, one close to 190 K (Peak 
1), and the other one close to 285 K (Peak 2) for the lowest initial delay of 0.1 ms. Such 
broad peaks signify a slow emission rate of the defect centers. Interestingly, none of these 
two peaks were observed in Cell 2, rather a new peak (Peak 3) appeared close to 100 K 
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(for an initial delay of 0.02 ms) which is much narrower signifying a faster emission of 
trapped carriers from the associated defect center. 
 
Figure 5.6. I-DLTS signal of (a) Cell 1 and (b) Cell 2. 
 
The Arrhenius plots corresponding to the observed peaks in the I-DLTS scan are 
shown in Figure 5.7. Activation energies of ET1 = 0.12 eV and ET2 = 0.32 eV were extracted 
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corresponding to peaks 1 and 2 respectively. Due to the broad distribution of the emission 
rates, the uncertainties in the activation energies in Cell 1 were estimated to be ±0.04 for 
ET1 and ±0.06 eV for ET2. An activation energy of ET3 = 0.03±0.01 eV was calculated 
corresponding to the peak 3 in Cell 2. 
 
Figure 5.7. Arrhenius plots corresponding to the peaks obtained from I-DLTS spectra. 
The solid straight lines show the linear fit to the experimental data points. 
 
Recent theoretical analysis of defect models in kesterite CZTS and CZTSe 
materials [38] [48] [49] [51] [53] [55] [61] have been considered to assign the 
experimentally observed defect levels in this study. Nagoya et al., [48] Maeda et al., [51] 
[55] and Chen and co-workers [38] [49] [53] [61] have carried out systematic theoretical 
studies on the intrinsic point defects in CZTS/CZTSe and calculated the formation energies 
and corresponding transition (activation) energies for various point defects. 
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It is predicted that the acceptor defects (CuZn, VCu, ZnSn, VZn, CuSn etc.) have much 
lower energy of formation compared to the donor defects in these material systems for Cu-
poor composition. The CuZn antisite defect has the lowest formation energy which acts as 
an acceptor level located about 0.10-0.15 eV above the valence band maxima (VBM) [38] 
[53] [61] and is considered to be responsible for the intrinsic p-type conductivity of these 
materials. The copper vacancy (VCu) has comparatively higher energy of formation than 
CuZn antisite and contributes to a much shallower acceptor level at ~0.02 eV above the 
VBM. [53] It is suggested that VCu is much preferable than the CuZn antisite for high 
performance solar cells, since CuZn produces deeper acceptor level than VCu and is thus 
detrimental to the cell performance. Existence of CuZn deep level at Ev+0.12 eV has also 
been experimentally identified by admittance spectroscopy. [122] 
The theoretical studies strongly suggest that the observed trap level ET1 in Cell 1 
with an activation energy of 0.12 eV can be assigned to the CuZn(-/0) antisite defect. The 
second dominant defect level identified in Cell 1 (ET2) corresponds to a much deeper level 
with an activation energy of 0.32 eV which matches closely to the transition energy 
theoretically calculated for CuSn (2-/-) defect [38] [61]. The larger capture cross-section of 
ET2 compared to that of ET1 also suggests that ET2 has a more negatively charged state. 
Therefore, we attribute the deep level at Ev+0.32 eV to the CuSn (2-/-) antisite defect. 
In Cell 2, the activation energy of trap level ET3 = 0.03 eV can be assigned to the 
copper vacancy (VCu), as no other shallow level in this range exists in these materials. The 
experimentally identified value of Ev+0.03 eV is in good agreement with the theoretical 
predicted value of 0.02 eV. All the experimentally identified defect parameters including 
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the defect activation energy (ET), capture cross-section (σT), trap concentration (NT), and 
the associated point defects are summarized in Table 5.1. 
We would like to emphasize that a device having shallow defect levels is expected 
to exhibit superior performance than a device with deeper defect levels. Our results follow 
this trend with Cell 2 showing much better photovoltaic performance compared to Cell 1. 
However, the most interesting observation in this study is the presence of shallow VCu level 
in purely Se containing CZTSe sample (Cell 2) which suggests that although CuZn has a 
lower formation energy, it is possible to have VCu as the predominant lattice defect in 
kesterites. Our results also indicate that the intrinsic p-type conductivity of high-efficiency 
CZTSSe absorbers could be due to the formation of copper vacancies (VCu) similar to 
chalcopyrites and the formation of detrimental CuZn antisites can be avoided. 
 
Table 5.1. Summary of the observed defect levels in the CZTSSe solar cells by I-DLTS. 
 
Cell 
ID 
Peak 
ID 
Approx. Peak 
Temperature 
(K) 
Activation 
Energy, ET 
(eV) 
Capture cross 
section, σT 
(cm2) 
Trap 
Conc. NT 
(cm-3) 
Possible 
defect 
level 
Cell 1 
Peak 1 190K 0.12±0.04 1.3110-20 6.171014 CuZn 
Peak 2 285K 0.32±0.06 2.0410-18 6.731014 CuSn  
Cell 2 Peak 3 100K 0.03±0.01 2.5210-20 6.461015 VCu 
 
5.1.5 Conclusions 
In conclusion, we have performed current DLTS measurements on two Cu-poor 
and Zn-rich CZTSSe solar cells with different chalcogen ratios to probe electrically active 
intrinsic point defects. The lower efficiency CZTSSe cell (S/Se = 1.4) showed two 
dominant deep acceptor levels at Ev+0.12 eV and Ev+0.32 eV corresponding to CuZn and 
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CuSn antisites, whereas the pure CZTSe (S/Se=0) higher efficiency cell showed only a 
shallow VCu level at Ev+0.03 eV. Our investigation leads to a new finding that VCu could 
be the predominant lattice defect in high efficiency kesterite cells instead of the detrimental 
CuZn antisites.
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CHAPTER 6: BULK CZTSSe GROWTH AND CHARACTERIZATION 
 
6.1 OVERVIEW 
Most of the research efforts on CZTSSe have been dedicated on the growth of thin-
films and investigations of physical properties of the films. A very few literature reports 
are available on the bulk crystal growth of CZTS-based compounds [44] [45] [123] [124] 
[46] [125] [46] [47] [126]. Growth of CZTS(Se) compounds from a melt is highly 
challenging as the crystallization process passes through a peritectic reaction of solid/liquid 
ZnS(Se) phases and exhibits a very confined region of stability in the Cu2S(Se)-ZnS(Se)-
SnS(Se)2 ternary phase diagram [44] [45]. A solution growth or a gradient freeze technique 
is thus more suitable to grow large volume of single crystals of these materials. CZTS(Se) 
single crystal growth have been attempted using iodine transport method, travelling heater 
method, solution fusion method using Sn solvent, and molten KI as the flux material. These 
methods suffer from low yield, poor reproducibility, and relatively higher cost of 
production. Vertical gradient freeze (VGF) technique offers a large volume of crystal 
growth with low defect density, lower cost, and great reproducibility. VGF method has 
been successfully used for the growth of high quality III-V and II-VI compounds. We have 
successfully grown large grain, high-quality Cu2ZnSn(SxSe1-x)4 crystals using a novel 
Vertical Gradient Freeze (VGF) technique for the first time. Three individual crystal ingots 
were grown with varying S/Se content: (a) pure S-based Cu2ZnSnS4, (b) purely Se 
containing Cu2ZnSnSe4, and mixed sulfo-selenide Cu2ZnSn(SxSe1-x)4 with a sulfur to 
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selenium molar ratio of 1:1. The structural and compositional properties of the grown 
crystals were investigated. 
6.2 EXPERIMENTAL 
6.2.1 Crystal Growth: Vertical Gradient Freeze (VGF) Technique 
The Cu2ZnSn(SxSe1-x)4 crystal growth were carried out using an in-house built 
custom made vertical Bridgman crystal growth furnace equipped with three independently 
controllable temperature zones. The furnace setup is shown in Figure 6.1. The three zones 
of the crystal growth furnace consisted of three ring heaters positioned at ~23 cm apart 
from each other rated up to a maximum of 2.0 KW of power with a peak continuous 
operating temperature of 1150°C. 
Stoichiometric amounts of high purity (6N) Cu, Zn, Sn, sulfur (S), and/or in-house 
zone refined (>7N) selenium (Se) were loaded in a quartz ampoule. For mixed 
Cu2ZnSn(SxSe1-x)4 crystal growth, equimolar amounts of S and Se corresponding to a 
S/(S+Se) molar ratio of x = 0.5 was used. Quartz ampoules of different dimensions were 
used for the three growths. A CAD design of the ampoule used for Cu2ZnSn(SxSe1-x)4 
(x=0.5) crystal growth can be found in APPENDIX C –. The total weight of the charge for 
each growth was varied and the details of the loaded precursor amounts are listed in Table 
6.1. The precursors were loaded into the ampoule inside a glove box filled with ultra-high 
pure Ar in order to avoid contact with oxygen and moisture from the ambient. 
The loaded ampoules were taken out of the glove box and quickly installed in an 
in-house built ‘ampoule sealing station’. The sealing station is equipped with an oil-free 
mechanical pump and a turbo-molecular pump. Photograph of the sealing station setup is 
included in APPENDIX C –. The ampoules were then evacuated to 2×10-6 torr and sealed 
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by fusing a quartz plug using a hydrogen-oxygen torch under continuous evacuation. The 
bottom part of the ampoule was submerged into a liquid nitrogen (LN2) filled dewar flask 
to avoid evaporation of volatile sulfur or selenium during the sealing process. 
 
Figure 6.1. The vertical Bridgman furnace used for the CZTSSe bulk crystal growth by 
Vertical Gradient Freeze (VGF) technique. 
 
Table 6.1. Summary of the amounts of elemental precursors used for Cu2ZnSn(SxSe1-x)4 
crystal growth. 
Grown 
crystal 
Amounts of precursor elements loaded in ampoule 
Cu (gm) Zn (gm) Sn (gm) S (gm) Se (gm) Total charge (gm) 
CZTS 1.525 0.785 1.425 1.539 - 5.274 
CZTSe 1.296 0.667 1.210 - 3.220 6.393 
CZTSSe 2.410 1.240 2.251 1.235 2.994 10.13 
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The furnace profile was programmed to use zone 1 (top) as the hot zone and zone 
2/zone 3 (middle and bottom) together as the cold zone for best temperature stability within 
±1°C. The ampoules were suspended using a quartz rod and the ampoule tip were leveled 
at the center of zone 2 heating element. The growth process was similar for all three crystals 
with a minor variation in the temperature profiles. 
During the growth process, the hot zone (zone 1) and the cold zone (zone 2 + zone 
3) were ramped up to its peak temperatures of 1100°C and 1000°C respectively in two 
ramp up stages. The hot zone was programmed to ramp up at the rate of 100°C/h from 
room temperature to 700°C during the first stage followed by a ramp rate of 10°C/h from 
700°C to 1100°C during the second stage. Correspondingly, the cold zone was 
programmed to attain 600°C in its first stage ramping up at a rate of ~85°C/h and from 
600°C to 1000°C at a rate of 10°C/h respectively. A temperature difference of 100°C was 
achieved resulting in a thermal gradient between the hot and cold zones. Both zones were 
dwelled at their peak temperatures for 48 h under accelerated ampoule rotation 
accomplished by switching direction of rotation every 5 minutes (1 rpm max.) to ensure 
homogeneous melt formation. After 48 hours, both zones were ramped down at -3.2°C/h 
until the top zone reached to 700°C and the bottom zone reached to 600°C and then power 
was switched off to allow natural cooling to room temperature in ~8 h. The programmed 
ramp cycle for the entire growth process in presented in Figure 6.2. 
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Figure 6.2. Programmed ramp profile of the hot and cold zones of the furnace used for 
the VGF growth of Cu2ZnSn(SxSe1-x)4 crystals. 
 
 
Figure 6.3. (a) 3D schematic of the three-zone furnace used for VGF growth of CZTSSe 
showing simulated temperature profile under steady state at peak temperatures of 
(1100/1000/1000°C) for (zone 1/zone 2 /zone 3), and (b) cross-sectional view of the 
growth furnace showing detailed thermal gradient between the two zones and the 
temperatures probed near the ampoule tip. (Temperature scale is in °C). 
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6.3 BULK CRYSTAL CHARACTERIZATION 
The as-grown CZTS, CZTSe, and CZTSSe crystals are shown in Figure 6.4, Figure 
6.5, and Figure 6.6 respectively. 
 
Figure 6.4. Optical photograph of (a,b) as-grown Cu2ZnSnS4 ingot (c) optical microscope 
image of large polycrystals on the surface of the ingot. 
 
Mag: 50X 
500 μm 
2 cm 
1.27 cm 
(a) 
(b) (c) 
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Figure 6.5. Optical photographs of as-grown Cu2ZnSnSe4 ingot: (a) inside the sealed 
quartz ampoule, (b) ingot taken out of the ampoule for characterization. 
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Figure 6.6. Optical photographs of (a, b) as-grown CZTSSe ingot, and (c) SEM image of 
polycrystalline grains observed on a CZTSSe wafer cut from the as-grown ingot. 
 
The structural characterization of the grown crystals were performed by X-ray powder 
diffraction method. Powder X-ray patterns were collected on a Rigaku D/Max-2100 
powder diffractometer using Cu Kα radiation (λ=1.5418 Å). The XRD scans were carried 
out in the range of 2θ = 20˚- 90˚ at a scan rate of 1.3˚/min. The phase purity of the grown 
crystals were further verified by Raman Spectroscopy and the instrument details are noted 
in section 2.3.1. The composition of the ingots were analyzed by energy dispersive X-ray 
spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). EDS data were 
collected using a high resolution Tescan Vega 3 scanning electron microscope equipped 
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with EDS microanalysis and operated at 30 kV acceleration voltage. XPS measurements 
conditions are detailed in section 2.3.4. 
The crystal structures and the lattice constants of the grown crystals were 
determined by powder X-ray diffraction (PXRD). Figure 6.7 shows the powder XRD 
pattern for all three Cu2ZnSn(SxSe1-x)4 crystals. The standard reference peaks for CZTS 
(JCPDS card no 00-026-0575) and CZTSe (JCPDS card no 00-052-0868) are shown in 
Figure 6.7. 
For CZTS, XRD pattern exhibited strong diffraction peaks at 2θ = 28.50°, 47.32° 
and 56.18° corresponding to (112), (220), and (312) planes of kesterite CZTS structure. 
Other minor reflections from (200), (224), (008) and (332) planes were also observed. The 
peak positions found to be in good agreement with the reference diffraction pattern (JCPDS 
card: 00-026-0575). Sharp diffraction peaks indicated highly crystalline structure and large 
grains in the grown ingot. The strongest peak (112) located at 2θ = 28.50° was fitted with 
a Gaussian and the full-width at half-maximum (FWHM) was estimated to be ~0.163°. 
Such narrow FWHM suggests high quality single crystalline nature of the grown material. 
The lattice constants calculated from XRD data were a = 5.429 Å and c = 10.847 Å, which 
are in well agreement with the standard values of a = 5.427 Å and c = 10.848 Å (JCPDS 
card 26-0575). 
No evidence of secondary impurity phases, such as CuS (JCPDS # 06-0464) Cu2S 
(JCPDS # 01-072-2276), SnS (JCPDS # 39-0354), SnS2 (JCPDS # 23-0677) or Sn2S3 
(JCPDS # 30-1379) were observed in the XRD spectra within the measurement accuracy 
of the instrument. 
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Figure 6.7. (a) Powder X-ray diffraction pattern of VGF grown Cu2ZnSn(SxSe1-x)4 
crystals and (b) reference kesterite CZTS and CZTSe peaks (JCPDS # 00-026-0575, 00-
052-0868). 
 
For CZTSe crystal, strong diffraction peaks at 2θ = 27.16°, 45.10°, 53.41°, 65.57°, 
72.49°, and 83.28° corresponding to reflections from (112), (204), (312), (400/008), (316), 
and (424/228) planes of kesterite CZTSe structure (JCPDS # 00-052-0868) were observed. 
The strongest diffraction peak corresponding to (112) plane located at 2θ = 27.16° was 
fitted with a Gaussian and a narrow FWHM of ~0.146° was estimated suggesting high 
quality single crystalline nature of the grown material. The lattice constants for CZTSe 
were calculated to be a = 5.696 Å and c = 11.338 Å, which are in good agreement with the 
standard values of a = 5.693 Å and c = 11.333 Å reported in the literature. 
The as-grown CZTSSe crystals showed X-ray diffraction peaks centered at 2θ = 
27.48°, 45.52°, 54.28° and 85.08° corresponding to (112), (204/220), (312), and (424/228) 
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crystal planes of kesterite CZTSSe. Lattice constants of a = 5.563 Å and c = 11.09 Å were 
calculated from XRD analysis. The c/2a ratio is 0.997, slightly less than 1 which is 
consistent with literature reports. The lattice constants of the three crystals are summarized 
in Table 6.2. 
 
Table 6.2. Summary of the lattice parameters calculated from PXRD data for grown 
Cu2ZnSn(SxSe1-x)4 crystals. 
 
Grown Crystal 
Lattice parameters 
a c c/2a (112) peak position (2θ) 
CZTS 5.429 10.847 0.999 28.50° 
CZTSe 5.696 11.338 0.995 27.16° 
CZTSSe 5.563 11.09 0.997 27.48° 
 
It is difficult to conclude about the phase purity of kesterites based on XRD only, 
due to close proximity and overlapping of the secondary phase peaks. Therefore, Raman 
spectroscopy was performed to further investigate the presence of any undesired binary or 
ternary phases in the grown crystals. The Raman spectra of the CZTS and CZTSe crystals 
are shown in Figure 6.8. The CZTS crystal showed three Raman peaks at 287 cm-1, 338 
cm-1 and 368 cm-1 which are the characteristic peaks for kesterite CZTS and are in well 
agreement with the literature. The strongest peak observed at 338 cm-1 is due to the A1 
symmetry in CZTS arising from S atom vibrations. No additional peaks corresponding to 
other impurity phases; such as β-ZnS (355 cm-1), Cu2-xS (475 cm-1), SnS (192/218 cm-1), 
SnS2 (317 cm
-1) or Cu2SnS3 (318 cm
-1) were observed, which confirmed the formation of 
high quality single phase kesterite CZTS. 
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Figure 6.8. Raman spectra of the VGF grown (a) CZTSe, (b) CZTSSe, (c) CZTS bulk 
crystals, and (d) reference Raman peak positions for different possible secondary phases. 
 
The Raman spectra of the CZTSe crystals exhibited three peaks at 171.5 cm-1, 194.6 
cm-1, and 231.1 cm-1 corresponding to kesterite CZTSe and are found to be in well 
agreement with the literature. The strongest peak observed at 194.6 cm-1 is attributed to the 
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A1 mode vibration of Se atoms in CZTSe. No peaks corresponding to other binary or 
ternary phases; such as Cu2-xSe (260 cm
-1), ZnSe (205/251 cm-1), SnSe2 (191/400 cm
-1), or 
Cu2SnSe3 (180 cm
-1) were observed confirming the phase purity of the grown crystal. 
X-ray photoelectron spectroscopy (XPS) measurements were performed on 
powdered Cu2ZnSn(SxSe1-x)4 samples to analyze the electronic states of the grown crystals. 
The XPS survey spectrum of the crystals are shown in Figure 6.9. Strong photoelectron 
lines from Cu, Zn, Sn, Se, and S core levels along with carbon (C) and oxygen (O) lines 
are detected. The photoelectron peaks of interest and the pronounced auger peaks are 
identified and indexed in Figure 6.9. 
 
Figure 6.9. XPS survey spectrum of the VGF grown Cu2ZnSn(SxSe1-x)4 crystals showing 
the major photoelectron lines and auger lines. 
 
High resolution spectra of Cu 2p, Zn 2p, Sn 3d, Se 3d, and S 2p core levels were 
acquired to determine the electronic states of the elements. Since the XPS observations for 
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all three crystals were similar, only the results of CZTSSe crystal is discussed in this 
section. The high resolution XPS spectra for CZTSSe crystal are shown in Figure 6.10. Cu 
2p, Zn 2p, and Sn 3d core levels were found to be split into two spin orbitals— 2p1/2, 2p3/2, 
and 3d1/2, 3d3/2, respectively. S 2p and Se 3p peaks were merged together and Se 3d3/2 and 
3d5/2 spin orbitals were overlapped. The superimposed peaks were de-convoluted using 
XPS peak fitting program to locate precise peak positions. A Shirley background 
subtraction was applied for all Gaussian peak fittings. 
 
Figure 6.10. High resolution XPS spectra of Cu 2p, Zn 2p, Sn 3d, S 2p, Se 3d, and C 1s 
core levels for CZTSSe crystal. 
 
The two spin orbits of Cu 2p core levels were split into a doublet separated by 
ΔE=19.83 eV (2p1/2 at 951.94 eV and 2p3/2 at 932.11 eV), which is indicative of Cu (I). 
The Zn 2p core level orbitals at 1044.82 eV and 1021.81 eV corresponding to 2p1/2 and 
2p3/2 with a peak separation of ΔE=23.01 eV suggests the presence of Zn (II) state. Sn 3d 
spin orbitals, (3d3/2 located at 494.51 eV and 3d5/2 located at 486.06 eV) can be attributed 
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to the existence of Sn (IV) electronic state. The S 2p doublet separated by an energy gap 
of 1.15 eV (2p1/2 at 162.43 eV and 2p3/2 at 161.28 eV) and Se 3d doublet separation of 0.80 
eV (3d3/2 at 54.25 eV and 3d5/2 at 53.45 eV) can be assigned to the formation of metal sulfo-
selenides, which are consistent with the standard reference values. The peak positions, 
FWHM, and energy separation between the split orbitals (ΔE) for all elements are 
summarized in Table 6.3. 
Table 6.3. Summary of XPS core level peak parameters (CZTSSe). 
 
Core level Binding energy (eV) FWHM Peak separation, ΔE (eV) 
Cu 2p1/2 951.94 1.92 
19.83 
Cu 2p3/2 932.11 1.43 
Zn 2p1/2 1044.82 1.60 
23.01 
Zn 2p3/2 1021.81 1.54 
Sn 3d3/2 494.51 1.28 
8.45 
Sn 3d5/2 486.06 1.33 
Se 3d3/2 54.25 1.61 
0.80 
Se 3d5/2 53.45 0.70 
S 2p1/2 162.43 1.33 
1.15 
S 2p3/2 161.28 0.73 
C 1s 284.24 2.41 - 
O 1s 530.78 2.37 - 
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EDS measurements were performed on the crystals to investigate the compositional 
uniformity and stoichiometry. EDS measurements at different spots along the ingot growth 
direction showed a uniform and nearly stoichiometric composition for all crystal ingots. 
For CZTS, a Cu-poor, Zn-rich and S-rich composition was observed, which is 
consistent with the literature report on CZTS single crystal growth. The average atomic 
concentration was nearly stoichiometric (Cu:Zn:Sn:S = 24.3:12.8:12.4:50.5) with a Zn/Sn 
ratio of 1.03 and Cu/(Zn+Sn) ratio of 0.964. For CZTSe, the average atomic concentration 
was measured to be Cu:Zn:Sn:Se = 24.9:12.4:12.6:50.1 with a Zn/Sn ratio of 0.98 and 
Cu/(Zn+Sn) ratio of 0.996. CZTSSe crystal showed a slightly Cu-poor, Zn-rich, and Sn-
rich stoichiometry with calculated average elemental ratios of Cu/(Zn+Sn) = 0.941, Zn/Sn 
= 0.980, and S/Se ratio of 1.02 (x=0.505) corresponding to a compound composition of 
Cu2Zn1.05Sn1.07(S0.523Se0.512)4. The compositional data is summarized in Table 6.4. 
 
Table 6.4. Summary of elemental composition in the grown Cu2ZnSn(SxSe1-x)4 crystals 
measured by EDS. 
 
Composition of Cu2ZnSn(SxSe1-x)4 bulk crystals  Elemental ratios 
Crystal 
Cu 
(at%) 
Zn 
(at%) 
Sn 
(at%) 
S 
(at%) 
Se 
(at%) 
 𝐶𝑢
(𝑍𝑛 + 𝑆𝑛)
 
𝑍𝑛
𝑆𝑛
 
CZTS 24.3 12.8 12.4 50.5 -  0.964 1.03 
CZTSe 24.9 12.4 12.6 - 50.1  0.996 0.98 
CZTSSe 24.7 13.0 13.3 24.7 24.3  0.941 0.98 
 
6.4 CONCLUSIONS 
Large grain polycrystalline Cu2ZnSn(Sx,Se1-x)4 bulk material was grown via 
vertical gradient freeze (VGF) technique employing a directional cooling and accelerated 
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rotation. Structural and compositional investigation of the grown ingots revealed highly 
crystalline tetragonal structure corresponding to kesterite Cu2ZnSn(Sx,Se1-x)4. Our results 
show that large volume of PV-grade CZTSSe compound can be grown at low-cost via 
vertical gradient freeze method. 
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CHAPTER 7: CONCLUSION AND FUTURE WORK 
7.1 DISSERTATION CONCLUSION 
In this dissertation, a comprehensive investigation has been undertaken on the 
Cu2ZnSn(SxSe1-x)4 absorber material growth, thin-film solar cell fabrication, solar cell 
characterization, and identification of the performance limiting factors that may lead to 
further improvement of CZTSSe-based photovoltaic devices. 
CZTSSe photovoltaic absorber was grown by a two-step process and after 
composition optimization, a 4.06% efficient solar cell was obtained. Structural, 
compositional, and morphological properties of the absorber films were studied. Electrical 
characterization of the solar cells were performed and were compared with a high 
efficiency CZTSe cell prepared at NREL by a single-step co-evaporation process. CZTSSe 
cell performance was hindered by a high series resistance. From the SEM study of the 
device microstructure, origination of the high series resistance was attributed to the 
formation of micro air voids near the back contact that reduces the effective contact area 
significantly impeding charge collection, formation of smaller grains, and a Mo(SSe)x 
interfacial layer. A dominant recombination mechanism phenomena at the heterojunction 
interface was detected and impedance analysis showed the presence of a frequency 
dependent constant phase element in the device, most likely the dominant recombination 
process. Electrically active defect levels in the solar cells were probed by I-DLTS. Two 
deep levels, CuZn and CuSn antisites were identified in the low performance cells suggesting 
the detrimental effect of these defects in CZTSSe solar cells. 
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Also, bulk CZTSSe crystals were successfully grown by a novel vertical gradient 
freeze technique and were found to be a potential method to grow large volume of high 
quality, single phase PV grade CZTSSe production. 
7.2 FUTURE WORK 
The research work presented in this dissertation is expected to significantly 
contribute to the ongoing development of CZTSSe-based solar cells. Several important 
future work are suggested based on the findings of this research as summarized below: 
 Improvement of the cell efficiency can be achieved by further optimization of the 
composition and process parameters. Such study will narrow down the range of 
composition and will ensure reproducibility to fabricate a high efficiency solar cell. 
 In this dissertation, CZTSSe solar cells were fabricated by a two-step process and 
the cell characteristics were compared with a high-efficiency CZTSe cell prepared 
by a single-step co-evaporation process. For a more detailed comparison, cells with 
CZTSe absorber films should be prepared by the two-step process. This will allow 
a direct comparison of the cell performance with the absorber layer composition 
and absorber film fabrication method. Also, this study can be extended for purely 
sulfur based CZTS devices in future. 
 The DLTS measurements were carried out in current-mode. More sensitive 
capacitance-mode DLTS (C-DLTS) measurement could reveal other defect levels 
that possibly could not be identified by I-DLTS. Thus, defect study using other 
techniques are suggested. 
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 Impedance spectroscopy (IS) was performed at room temperature under dark 
condition. A temperature dependent IS study is suggested in future that can reveal 
many other information of the device including defect levels. 
 Defect level characterization of the bulk crystals are necessary to correlate with the 
results obtained for thin-film CZTSSe absorber. Schottky diodes may be fabricated 
on the bulk CZTSSe crystals to carry out DLTS measurements. This investigation 
may also lead to a deeper understanding of CZTSSe film growth mechanism. 
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APPENDIX A – CZTSSe PRECURSOR THICKNESS CALCULATION 
AND J-V CHARACTERISTICS OF CZTSSe ARRAY 
 
The thickness calculation of each layer in the stacked precursor film corresponding 
to a specific elemental ratio is described below. As an example, the calculations are shown 
here for precursor stack 3c in which the elemental atomic ratios of 
𝐶𝑢
(𝑍𝑛+𝑆𝑛)
 and 
𝑍𝑛
𝑆𝑛
 were kept 
at 0.7 and 0.9 respectively. For simplicity, the ZnS layer thickness (𝑡𝑍𝑛𝑆) was kept constant 
at 300 nm for all films and the thickness of Cu and Sn layers were varied to achieve 
different elemental ratios in the precursors. Therefore, the objective is to calculate the 
thickness of Cu layer (𝑡𝐶𝑢) and Sn layer (𝑡𝑆𝑛) respectively. 
Mass of ZnS layer (𝑚𝑍𝑛𝑆) = 𝜌𝑍𝑛𝑆 × (𝐴 × 𝑡𝑍𝑛𝑆) 
Mass of Cu layer (𝑚𝐶𝑢) = 𝜌𝐶𝑢 × (𝐴 × 𝑡𝐶𝑢) 
Mass of Sn layer (𝑚𝑆𝑛) = 𝜌𝑆𝑛 × (𝐴 × 𝑡𝑆𝑛) 
No of Zn atoms in the precursor (𝑁𝑍𝑛) =
𝐿×𝑚𝑍𝑛𝑆
𝑀𝑍𝑛𝑆
=  
𝐿×𝜌𝑍𝑛𝑆×(𝐴×𝑡𝑍𝑛𝑆)
𝑀𝑍𝑛𝑆
 
No of Cu atoms in the precursor (𝑁𝐶𝑢) =
𝐿×𝑚𝐶𝑢
𝑀𝐶𝑢
 =  
𝐿×𝜌𝐶𝑢×(𝐴×𝑡𝐶𝑢)
𝑀𝐶𝑢
 
No of Sn atoms in the precursor (𝑁𝑆𝑛) =
𝐿×𝑚𝑆𝑛
𝑀𝑆𝑛
 =  
𝐿×𝜌𝑆𝑛×(𝐴×𝑡𝑆𝑛)
𝑀𝑆𝑛
 
Where, 𝜌𝑍𝑛𝑆 = density of ZnS = 4.09 gm/cm
3, 𝜌𝐶𝑢 = density of Cu = 8.93 gm/cm
3, 
and 𝜌𝑆𝑛 = density of Sn = 7.30 gm/cm
3. 𝑀𝑍𝑛𝑆 = molecular weight of ZnS = 97.474 gm/mol, 
𝑀𝐶𝑢 = molecular weight of Cu = 63.546 gm/mol, and 𝑀𝑆𝑛 = molecular weight of Sn = 
118.71 gm/mol. L is the Avogadro constant. 
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𝑍𝑛
𝑆𝑛
=
(𝑁𝑍𝑛)
(𝑁𝑆𝑛)
=
𝐿 × 𝜌𝑍𝑛𝑆 × (𝐴 × 𝑡𝑍𝑛𝑆)
𝑀𝑍𝑛𝑆
𝐿 × 𝜌𝑆𝑛 × (𝐴 × 𝑡𝑆𝑛)
𝑀𝑆𝑛
=
𝜌𝑍𝑛𝑆 × 𝑡𝑍𝑛𝑆 × 𝑀𝑆𝑛
𝜌𝑆𝑛 × 𝑡𝑆𝑛 × 𝑀𝑍𝑛𝑆
 
⇒ 0.9 =
𝜌𝑍𝑛𝑆 × 𝑡𝑍𝑛𝑆 × 𝑀𝑆𝑛
𝜌𝑆𝑛 × 𝑡𝑆𝑛 × 𝑀𝑍𝑛𝑆
                                                               
 
⇒ 𝑡𝑆𝑛 =
𝜌𝑍𝑛𝑆 × 𝑡𝑍𝑛𝑆 × 𝑀𝑆𝑛
0.9 × 𝜌𝑆𝑛 × 𝑀𝑍𝑛𝑆
                                                               
 
⇒ 𝑡𝑆𝑛(𝑛𝑚) =
4.09 × 300 × 118.71
0.9 × 7.30 × 97.474
                                                
⇒ 𝑡𝑆𝑛 = 227.45 𝑛𝑚                                                                             
Similarly, 
𝐶𝑢
𝑍𝑛 + 𝑆𝑛
=
(𝑁𝐶𝑢)
(𝑁𝑍𝑛) + (𝑁𝑆𝑛)
=
𝐿 × 𝜌𝐶𝑢 × (𝐴 × 𝑡𝐶𝑢)
𝑀𝐶𝑢
𝐿 × 𝜌𝑍𝑛𝑆 × (𝐴 × 𝑡𝑍𝑛𝑆)
𝑀𝑍𝑛𝑆
+
𝐿 × 𝜌𝑆𝑛 × (𝐴 × 𝑡𝑆𝑛)
𝑀𝑆𝑛
 
⇒ 0.7 =
𝜌𝐶𝑢 × 𝑡𝐶𝑢
𝑀𝐶𝑢
𝜌𝑍𝑛𝑆 × 𝑡𝑍𝑛𝑆
𝑀𝑍𝑛𝑆
+
𝜌𝑆𝑛 × 𝑡𝑆𝑛
𝑀𝑆𝑛
                                                                        
 
⇒ 𝑡𝐶𝑢 =
0.7 × (
𝜌𝑍𝑛𝑆 × 𝑡𝑍𝑛𝑆
𝑀𝑍𝑛𝑆
+
𝜌𝑆𝑛 × 𝑡𝑆𝑛
𝑀𝑆𝑛
) × 𝑀𝐶𝑢
𝜌𝐶𝑢
                                             
 
⇒ 𝑡𝐶𝑢(𝑛𝑚) =
0.7 × (
4.09 × 300
97.474 +
7.30 × 227.45
118.71 ) × 63.546
8.93
                    
 
⇒ 𝑡𝐶𝑢 = 132.38 𝑛𝑚                                                                                                  
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J-V Characteristics under dark and under AM1.5 illumination for the cells 1, 2, 3, 
5, 6, 7 of the CZTSSe array are shown below. 
 
Figure A.1 J-V characteristics of cell 1 and cell 2 under dark and AM1.5 illumination. 
 
 
Figure A.2 J-V characteristics of cell 3 and cell 5 under dark and AM1.5 illumination. 
 
Cell 1 Cell 2 
Cell 3 Cell 5 
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Figure A.3 J-V characteristics of cell 6 and cell 7 under dark and AM1.5 illumination. 
 
Cell 6 Cell 7 
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APPENDIX B – AFM TIP DETAILS 
 
 
Figure B.1 (a) The Picoplus AFM setup, (b-d) SEM images showing the shape and 
dimensions of the Si cantilever and the tip. 
 
Photograph of the AFM instrument (Picoplus) and SEM images of the Si 
cantilever/tip (AppNano A-50) are shown in Figure B.1. Tip specification from the 
manufacturer are summarized in Table B.1. 
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Table B.1 Dimensions, spring constant, and operating frequency of the Si cantilever/tip 
used for AFM measurements. 
 
Parameter 
Value 
Nominal Minimum Maximum 
Length (μm) 225 215 235 
Width (μm) 27 22 32 
Thickness (μm) 2.7 2.2 3.2 
Spring constant (N/m) 1.6 0.6 3.7 
Frequency (KHz) 61 43 81 
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APPENDIX C – QUARTZ AMPOULE SEALING 
 
 
 
Figure C.1 CAD design of the quartz ampoule used for the CZTSSe (S/(S+Se)=0.5) bulk 
crystal growth by vertical gradient freeze technique. 
 
 
 
Figure C.2 In-house built quartz ampoule sealing station. 
